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Abstract 
Changes in the amount of riparian vegetation can vary significantly over large spatial extents, and this 
variation is influenced by an array of factors. Riparian vegetation is an important component of riverine 
ecosystems and acts as a filter for terrestrial runoff, a control on bank stability and a key habitat area. 
Following European settlement in New South Wales (NSW) Australia in the late 18th century, extensive 
areas of floodplain and riparian vegetation were cleared to allow farming of the rich alluvial soil with close 
proximity to a water supply. As a result of broad scale vegetation clearing, the extent and connectivity of 
riparian vegetation suffered. Increased awareness of the role played by a healthy riparian zone resulted in 
the legislated cessation of riparian vegetation clearing in the 20th and early 21st centuries. To counteract 
the post-settlement land clearing, the monitoring, revegetation and rehabilitation of these areas has 
become increasingly important for state and federal governments. This study assessed the changes that 
have occurred in the levels of riparian vegetation along easterly flowing, coastal draining rivers of NSW 
over a 30-year period. 
This study measured riparian vegetation density and coverage using Landsat Normalised Difference 
Vegetation Index (NDVI) imagery across 28 river catchments in eastern NSW, assessing 19,750km of 
channel length overall with the study area representing 2970km2 of riparian zone. The initial and final 
state images were composed of five-year averages from 1987-1991, and 2009-2015 representing change 
over two decades. Changes in the spatial extent of riparian vegetation between the two time periods were 
identified using an image differencing change detection method. GIS software was used to analyse the 
results of the change detection operation, with various tools implemented to assess the levels of positive 
and negative change occurring in all major catchments that drain to the eastern seaboard. Gross net 
change has been assessed in addition to a stratified analysis investigating the change relative to adjacent 
land use. Utilising a change detection threshold in the NDVI analysis to delineate between significant and 
non-significant change highlighted spatial patterns across the state. Positive or negative change above 
the threshold was interpreted as an increase or decrease in vegetation density. Average positive change 
for the catchments in the study area was 8.6%, negative change was 2.5%, but 89% of the area 
investigated showed no NDVI change. Further analysis of the change detection results indicated that 
significant NDVI change was occurring most commonly in or alongside channels bordered by agricultural 
land. Different climates and land use types across the large spatial extent of the study area create a range 
of factors driving vegetation change with the study finding variations in streamflow, active conservation, 
restoration, and rehabilitation of riparian zones being the most influential. 
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Abstract 
Changes in the amount of riparian vegetation can vary significantly over large spatial extents, and 
this variation is influenced by an array of factors. Riparian vegetation is an important component of 
riverine ecosystems and acts as a filter for terrestrial runoff, a control on bank stability and a key 
habitat area. Following European settlement in New South Wales (NSW) Australia in the late 18th 
century, extensive areas of floodplain and riparian vegetation were cleared to allow farming of the 
rich alluvial soil with close proximity to a water supply. As a result of broad scale vegetation clearing, 
the extent and connectivity of riparian vegetation suffered. Increased awareness of the role played 
by a healthy riparian zone resulted in the legislated cessation of riparian vegetation clearing in the 
20th and early 21st centuries. To counteract the post-settlement land clearing, the monitoring, 
revegetation and rehabilitation of these areas has become increasingly important for state and 
federal governments. This study assessed the changes that have occurred in the levels of riparian 
vegetation along easterly flowing, coastal draining rivers of NSW over a 30-year period. 
This study measured riparian vegetation density and coverage using Landsat Normalised Difference 
Vegetation Index (NDVI) imagery across 28 river catchments in eastern NSW, assessing 19,750km of 
channel length overall with the study area representing 2970km2 of riparian zone. The initial and 
final state images were composed of five-year averages from 1987-1991, and 2009-2015 
representing change over two decades. Changes in the spatial extent of riparian vegetation between 
the two time periods were identified using an image differencing change detection method. GIS 
software was used to analyse the results of the change detection operation, with various tools 
implemented to assess the levels of positive and negative change occurring in all major catchments 
that drain to the eastern seaboard. Gross net change has been assessed in addition to a stratified 
analysis investigating the change relative to adjacent land use.  Utilising a change detection 
threshold in the NDVI analysis to delineate between significant and non-significant change 
highlighted spatial patterns across the state. Positive or negative change above the threshold was 
interpreted as an increase or decrease in vegetation density. Average positive change for the 
catchments in the study area was 8.6%, negative change was 2.5%, but 88.9% of the area 
investigated showed no NDVI change. Further analysis of the change detection results indicated that 
significant NDVI change was occurring most commonly in or alongside channels bordered by 
agricultural land. Different climates and land use types across the large spatial extent of the study 
area create a range of factors driving vegetation change with the study finding variations in 
streamflow, active conservation, restoration, and rehabilitation of riparian zones being the most 
influential.  
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Chapter 1. Introduction 
The area along Australia’s eastern NSW coastline was amongst the first to be settled by the 
new European arrivals in the late 18th century (Bradshaw 2012). As a result of the expansion 
of the colony following their arrival, and a requirement for agricultural land to support the 
growing population, extensive areas of land were cleared (Bradshaw 2012). The Australian 
Native Vegetation Assessment (2001) estimated that 982,000 km2 of Australian native 
vegetation had been cleared since European arrival, 234,527 km2 of which was cleared in 
NSW. This represents approximately 30% of all the native vegetation in the state. The most 
productive agricultural land was found along the floodplains of the major rivers, due to easy 
access to water and rich alluvial soil. Riparian vegetation was cleared along with floodplain 
vegetation to increase the area of arable land, and in opposition to what we know now, to 
mitigate the impact of floods (Hubble et al. 2010, Bradshaw 2012).  
Much has been studied about the nature of Australia’s past landscape with detailed 
information concerning the past and current extent of many of the major vegetation groups 
(Australian Bureau of Statistics 2003); however there is limited information available 
regarding the historical extent of riparian vegetation on a significant scale. Riparian 
vegetation is defined as that which grows adjacent to water bodies, and either influences or 
is influenced by the water body along the banks of which it grows (LWRRDC, 1999). This 
riverside vegetation is an important component of riverine ecosystems, acting as a control 
on fluvial geomorphology as well as a transitional zone between land based and aquatic 
habitats (Land and Water Australia 2002). Greater awareness of the positive impact of 
riparian vegetation on bank stability and erosion rates (Brierley et al. 1999, Brooks et al. 
2003,), as well as water quality and ecosystem health (Land and Water Australia 2002, 
Hubble et al. 2010) have placed a greater emphasis on halting further degradation of 
riparian areas, as well as rehabilitating those that have been cleared in the past. This 
awareness, accompanied by legislation introduced in the NSW parliament (Native 
Vegetation Conservation Act 1997, Native Vegetation Act 2003) banning the clearing of 
riparian vegetation has created a good opportunity to compare historical extents of riparian 
vegetation with present day levels and detect where change has occurred on a regional 
scale.  
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Remote sensing technology and Geographic Information Systems (GIS) are now two of the 
most widely used tools in large scale vegetation and change detection studies (Nagler et al. 
2001, Baker et al. 2006, Barbosa et al. 2006, Bhandari et al. 2012, Doody et al. 2014, Broich 
et al. 2014). These methods of vegetation analysis are more cost-effective and less labour-
intensive than traditional field studies, enabling researchers to cover large land areas at 
quite a high level of detail. Studies that have used remote sensing technology to analyse 
riparian vegetation have typically either looked at a large extent during a single time period 
(Pavri and Lynch 2011) or they conduct change detection studies over a smaller study area 
(Nagler et al. 2001, Rigge et al. 2014).  
A vegetation change analysis conducted over a broad spatial extent, using data collected 
over a significant time period would have the benefit of enabling a robust study of 
vegetation change and trends on a much broader scale. In undertaking a large regional 
analysis rather than a more localised one, potential influencing factors can be observed or 
tested more accurately. On a broad scale, vegetation change is unlikely to be attributable to 
one single factor, so by taking into account the trends occurring on a broad scale, a greater 
insight can be obtained regarding potential drivers of change. The mapping of riparian 
corridors and their past and present vegetation coverage contributes to the understanding 
of the dominant controls on riverine environments and ecosystems (DPI 2015), and 
represents an important process for future urban and environmental planning regarding 
assisting in maintaining river and landscape health, as well as rehabilitating degraded areas. 
Satellite imagery is a frequently used source of remotely sensed data as it has a wide spatial 
coverage, frequent known return period, records data across a significant portion of the 
electromagnetic spectrum (EMS) and depending on the sensor, can be obtained cheaply or 
freely. The Landsat system of satellites provide imagery with a 30 m x 30 m pixel size, good 
coverage of the EMS, and an archive of imagery for the whole earth’s surface dating back to 
the 1970s (USGS 2015). Remotely sensed satellite data has the additional advantage of 
being able to manipulate the different spectral bands to calculate vegetation indices, which 
enables further analysis on vegetation health and density (Huete 2012). 
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1.1 Aims and Objectives 
A number of studies have documented and quantified the reduction in riparian vegetation 
that occurred in eastern NSW following European settlement (ABS 2003, Hubble et al. 2010, 
Bradshaw 2012), as well as the important role that riparian vegetation plays in the 
environment (Land & Water Australia 2002). These studies have indicated that removal of 
riparian vegetation had a wide range of detrimental impacts to the riverine and terrestrial 
ecosystems associated with it, and there is now scope to study the current levels of riparian 
vegetation compared to the past extent now that clearing has ceased. 
 
The purpose of this study is to assess the levels of riparian vegetation change within the 
catchments of coastal NSW using vegetation indices derived from satellite remote sensing.  
 
To address this objective, this study will: 
I. Assess the trajectory of change of riparian vegetation in different catchments across 
coastal NSW, through the application of change detection techniques applied to 
satellite derived imagery. 
II. Examine changes in riparian vegetation associated with land use in eastern NSW, 
and interpret the role of land use in influencing any riparian vegetation change.  
III. Examine the relationship between long-term climatic trends and changes in 
vegetation to investigate the effect of climatic variation on vegetation change in 
riparian corridors. 
IV. Use findings to inform management of riparian vegetation and guide thought on 
implications of changes in levels of riparian vegetation. 
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Chapter 2. Literature Review 
 
2.1 Riparian Vegetation in South-Eastern Australia 
This section describes the role and importance of riparian vegetation in the Australian 
landscape. It then goes on to describe the historical changes to native and riparian 
vegetation extent in the study area. 
2.1.1 Function of Riparian Vegetation 
Riparian vegetation is recognised as an important component of riverine ecosystems, with 
increasing awareness of its role in maintaining the health of river systems and therefore an 
increased demand for conservation and rehabilitation of riparian corridors (Land & Water 
Australia, 2002). Riparian corridors are described as the transitional zones between surface 
water bodies (river banks, floodplains) and the surrounding upland (see Figure 1). They can 
be functionally described as areas that either directly influence or are influenced by the 
water body (LWRRDC 1999). The riparian zone and the vegetation contained within it serve 
a number of important functions, these include: 
• Habitat for aquatic and terrestrial organisms; 
• A control on channel morphology by stabilizing banks; 
• A filter of sediment and nutrient runoff; 
• Control of water temperature by providing shade. 
(Mutendeudzi and Haeusler 2008, NSW Office of Water 2012) 
 
 
 
 
 
Figure 1: Diagram of a stream channel and associated riparian vegetation (Montana Watercourse 2016) 
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Riparian corridors contain a very diverse range of organisms, with many unique species of 
flora and fauna adapted to the riparian ecosystem. Snags in waterways derived from 
overhanging trees provide habitat for native fish, and riverbanks serve as locations for 
burrows for many species of mammals and birds (Land & Water Australia, 2002).  
Well-vegetated riparian land is known to be crucial in maintaining the stability of river banks 
by preventing erosion of the banks through under-cutting and slumping. Hubble et al. 
(2010) attribute the evolution of some Australian tree species to grow roots down to the 
summer water table as a key factor in mitigating mass failure of river banks as the roots 
serve to strongly reinforce the riverbank soils. Where riparian vegetation has been cleared, 
the morphology of the river often changes quite rapidly. In sections where vegetation has 
been removed, channel incision, channel widening, re-configuration of in-channel structures 
and the degradation of floodplain sediments have all been observed (Brooks et al. 2003, 
Stromsoe and Callow 2012). 
The trapping of nutrient and sediment runoff from areas of land upslope of the riparian 
corridor is another important function of the vegetation growing in that area. By preventing 
these elements from reaching waterways, water quality is retained, and the rates of algae 
production and siltation are reduced (Land & Water Australia 2002, NSW Office of Water 
2012). A healthy riparian zone therefore plays a very important role as a buffer and 
transition zone between terrestrial and aquatic ecosystems, as well as a significant control 
on river morphology and health. 
2.1.2 Vegetation Extent in NSW 
Being amongst the first areas of Australia to be settled by European arrivals in the late 18th 
century, eastern NSW has a long history of land clearing and alteration. To accommodate 
for the expanding population and the need to supply the colony, the areas with fertile soils 
deemed to be agriculturally productive were the first to be cleared, focused initially along 
the coastal fringe (Braithwaite 1996, Bradshaw 2012). The Australian Bureau of Statistics 
estimates that as of 2002, 90% of vegetation in the eastern temperate zone, in which the 
study area resides, has been removed with the bulk of this occurring during the 19th century 
(ABS 2002, Bradshaw 2012). With perhaps limited knowledge of the impact of broad scale 
land clearance, as well as a prioritisation of agricultural productivity over environmental 
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health, floodplains were cleared extensively, as they were regarded as a highly productive 
area, offering easy access to water and the use of rich alluvial soils. Clearing of riparian 
vegetation allowed stock easier access to water, and increased the amount of arable land 
(Land & Water Australia, 2002).   
The Australian Government commissioned State of the Environment (SoE) report (2011) 
conducted an analysis on the extent of ‘forest’ (vegetation that grows at least 2 metres high 
with 20% canopy) in NSW from 1972 to 2004. The extent in 1972 was measured to be 
19,492,500 hectares, which decreased into the 1980’s before rising, with some fluctuations, 
to a value of 20,089,400 hectares in 2004. In a 2010 report, the NSW Office of Water used 
remotely sensed imagery to determine the extent of riparian vegetation in NSW for future 
monitoring, evaluation and reporting. The study area was comprised of five major 
catchment areas, the Southern Rivers Catchment, the Sydney Metropolitan Catchment, the 
Hawkesbury-Nepean Catchment, the Hunter-Central Rivers Catchment and the Northern 
Rivers Catchment. Table 1 contains information from the report that provides the extent of 
riparian vegetation within these catchments, which was obtained by calculating the extent 
within a 30 metre buffer on either side of each stream.  
Table 1: The extent of riparian vegetation in the catchments comprising the study area (NSW Office of Water 2010) 
 
The SoE report (2011) states that the preservation of riparian vegetation is crucial in 
maintaining the long term sustainability of catchments. To attempt to measure the impact 
of degradation due to the impacts of grazing, land clearing, flow regime modification, 
salinity and introduction of new species; the SoE report uses measurement of forested 
stream length to changes in levels of streamside vegetation. Between 1991 and 2004, the 
SoE report estimates that 0.65% of streams within the South-East Coast Drainage Division, 
in which the study area resides, registered an increase in forested stream length (Table 2). 
This thesis sets out to re-examine these changes by broadening the time period of 
investigation. 
 Southern Rivers 
Sydney 
Metropolitan 
Hawkesbury-
Nepean 
Hunter-Central 
Rivers 
Northern 
Rivers Total 
Riparian 
vegetation 
extent 
(ha) 
136,333 8190 100,177 163,493 238,211 646,404 
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2.1.3 Legislation Relating to, and Government Initiatives Regarding Native and Riparian 
Vegetation 
The Soil Conservation Act 1938 was implemented to conserve State soil resources and 
protect catchment areas in NSW. At the time of its inception, the Act included a £20 fine for 
any person “interfering with…or damaging…any vegetative cover placed or planted on any 
land as part of or in connection with…this Act”. The current version of the Act now allows 
the Minister to act when they deem the stability of a body of water to be at risk due to soil 
erosion, siltation or land degradation. 
The Native Vegetation Conservation Act 1997 (NSW) was the first state wide act of 
legislation that prohibited clearing of native vegetation in most of NSW without 
development consent. In specific areas where consent was not required, guidelines were 
provided pertaining to the conditions under which clearing was to be carried out. Under the 
Act, any land within 20 metres of any part of a river is classed as State Protected Land, and 
development consent is required for any clearing of native vegetation in that area. 
Under the Native Vegetation Act 2003 (NSW), the Minister is able to order remediation 
work in areas where clearing of native vegetation has led to or is likely to lead to soil 
erosion, land degradation or siltation of a water body. The Native Vegetation Regulation 
2005 (NSW), under the Native Vegetation Act 2003 (NSW) made clearing of native 
vegetation only permissible with development consent, or as part of a property vegetation 
Forested stream length and change in the South East Coast Drainage Division 
Total Stream Length (km) 236,038.05 
Forested Stream Length 1991 (km) 140,114.40 
Forested Stream Length 2004 (km) 141,642.35 
Change by 1991 (km) 95,923.65 
Change by 2004 (km) 94,395.70 
Change between 1999 and 2004 (km) 1,527.95 
Recent change as a proportion of total 
stream length (%) 
0.65 
Table 2: Forested stream length and change in the South-East Coast Drainage Division (SoE 2011) 
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plan, where land clearing maintained or improved environmental outcomes for that 
property. In further regulation regarding activity near riparian land, the Act also outlines a 
series of minimum buffer widths for activity adjacent to rivers. This includes the minimum 
distance a stock fence must be from the river bank, or how far away farm buildings must be 
situated. 
The Department of Primary Industries (DPI) listed the degradation of native riparian 
vegetation along NSW waterways as a key threatening process in November 2001 under the 
Fisheries Management Act 1994 (NSW), recognising the important role that a healthy 
riparian zone has in maintaining healthy ecosystems. A threatening process is defined as “a 
process that threatens, or that may threaten, the survival or evolutionary development of a 
species, population or ecological community of fish or marine vegetation” (DPI 2005). To 
counter what they see as significant environmental damage, the DPI has released a set of 
threat abatement actions in order to attempt to lessen, eliminate and/or rehabilitate the 
impact of riparian degradation. The threat abatement actions are: 
• Provision of resource material to and consultation with governing bodies regarding 
impact assessments, mitigation and determining localised riparian removal rates and 
extents. 
• Review current riparian management plans, literature, research and legislation to 
develop better systems for monitoring, revegetation and policy weaknesses. 
• Liaise with the community and provide information on best practice riparian 
vegetation management, and promote rehabilitation programs. 
• Seek funding for programs that seek to rehabilitate high priority areas of degraded 
riparian vegetation. 
• Undertake detailed survey and mapping work to establish the historical and current 
distribution of riparian vegetation in NSW. (DPI 2005) 
2.1.4 Drivers of Riparian Vegetation Growth 
Broad scale changes in vegetation are difficult to attribute to any single factor, as both 
climate variability, and modifications to land management practices can have an observable 
influence on vegetation productivity (de Jong et al. 2012).  
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For riparian vegetation to become established on previously non-vegetated areas, certain 
conditions are required in order to enable pioneer species, and then subsequent 
successional species to colonise an area and take root. Riparian vegetation is influenced by 
the hydrogeomorphic conditions of the river along which it grows, and is particularly 
sensitive in changes between high and low flow (Hupp and Osterkamp 1996, Auble et al. 
1994).  
Long term climatic trends or human induced flow interruptions such as dam building are 
thus likely to influence the extent of riparian vegetation along a particular stretch of river in 
a particular region. High flow periods along rivers with frequent flooding have been found to 
increase plant species diversity, and increase the amount of pioneer species in the 
floodplain through more effective long-distance transport of seeds, particularly during 
periods of bank overflow (Shafroth et al. 2002, Stromberg et al. 2007, Bendix 2009).  Low 
flow periods have the opposite effect, in that the decrease in flood frequency and 
magnitude enables pioneer and successional species to colonise exposed gravel beds and 
banks in the channels themselves (Murle et al. 2003). This phenomenon has been studied 
regularly following the emplacement of a dam, where a shift in flow regime leads to an 
increase in in-channel vegetation density, narrowing of channel width, and reduction in 
species diversity (Gordon and Meentemeyer 2006,  Stromberg et al. 2007). Although 
changes in flow following dam emplacement would be much more rapid than what would 
occur due to a natural shift, the changes observed likely give an indication to what impact a 
positive or negative long term climatic trend would have. 
Changes in land management practices regarding riparian zones have been promoted by 
government bodies such as the Department of Primary Industries, as well as more local 
groups such as Landcare. As was listed in the above section (2.1.3), the DPI has multiple 
guidelines outlining actions that may be taken in order to reduce the impact of land 
management practices on riparian land, conserve remaining patches of riparian land, and 
rehabilitate degraded areas. The NSW Office of Environment and Heritage makes $5.3 
million dollars available each year for restorative and rehabilitative projects, available to 
both councils and community groups, some of which inevitably goes towards targeted 
riparian projects (OEH 2015). With increased promotion of positive action regarding riparian 
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areas, in conjunction with state funding, human activity represents a key component in 
driving riparian vegetation change.  
2.2 Remote Sensing of Vegetation 
Remote sensing is defined as the acquisition of information about physical objects and the 
environment through the measurement and interpretation of data derived from a device 
which is not in direct physical contact with the object(s) or environment (Jensen, 2013). The 
use of remote sensing for data collection instead of in-situ observations can be 
advantageous as it allows the systematic collection of multi-temporal data over very large 
geographic areas in a more cost effective and timely manner (Jensen, 2013). 
Cohen and Goward (2004) describe the ability of remote sensing technology to expand land-
cover mapping and ecological modelling from localised studies into larger-scale regional 
datasets with spatial and temporal advantages. Where field surveys and interpretation of 
previous maps allow study of relatively small areas in a very specific time, remote sensing 
technology allows researchers to study changes to land cover over large areas, often over a 
long time scale due to the now decadal archive of previously collected imagery (Xie et al., 
2008). The large number of different sensors collecting data gives researchers the ability to 
select a sensor that best meets the needs of their study. Sensors may be selected for one or 
more of their spatial, temporal, or spectral resolutions, with each kind offering specific 
benefits to the study. Jensen (2013) provides a good definition of these parameters, which 
can be seen in Table 3.  
Maps that display location, nature and extent of riparian vegetation are an essential 
component of catchment management and planning (Yang 2007). The historically traditional 
methods of mapping riparian vegetation, involving field observations and interpretation of 
aerial photographs are time and labour intensive and difficult to repeat. Due to these 
reasons, requirements for consistent, up-to-date and accurate mapping of riparian 
vegetation cover are unable to be met, particularly over large catchment areas (Yang 2007). 
 
 
 
 
 11 
Table 3: Description of Sensor Parameters (Jensen 2013) 
 Description Measurement 
 
 
 
Spatial Resolution 
A measure of the smallest angular or linear 
separation between two objects that can be 
resolved by the remote sensing system. Generally 
the smaller the spatial resolution, the greater the 
resolving power of the remote sensing system. 
 
 
 
 
Metres 
 
Spectral Resolution 
Defined as the sensitivity of a remote sensing 
detector to differences in signal strength as it 
records the reflection, emission and back scattering 
of radiation from the Earth’s surface. 
 
Bits 
 
Temporal Resolution 
Refers to how often a sensor records imagery of a 
particular area. 
 
Hours or days 
 
Modern methods of image analysis and remote sensing technology represent a useful and 
powerful tool for the purposes of historical analysis of the changing nature and condition of 
Australia’s riparian vegetation, including the ability to conduct more cost effective, more 
easily repeatable and larger scale studies (Apan et al. 2002). 
Spatial resolution, as defined in Table 3, determines the level of detail at which objects on 
the ground can be viewed and analysed. The required spatial resolution for any particular 
study varies depending on the nature of the area or object being studied, as well as the 
extent of the study area. A general rule of thumb is that the spatial resolution or pixel size of 
the sensor used should be half the size of the feature to be mapped (Jensen 1999). For this 
study the spatial resolution of the selected sensor will need to fit within the various river 
networks of eastern NSW, as well as a buffer width encompassing the associated riparian 
corridor. Higher spatial resolution sensors such as digital aerial photography and Lidar, with 
metre to sub-metre pixel sizes are useful for riparian vegetation studies as they enable 
detailed classification of vegetated areas (Yang 2007, Arroyo et al. 2010).The main limitation 
of the higher spatial resolution data is that the cost is prohibitive in obtaining data with 
significant spatial and temporal extent, meaning it is not always a viable option for studies 
that cover a large area. Digital aerial photography, also has a narrow spectral resolution, 
thus limiting the depth of analyses of vegetation that could be undertaken. While coarser 
resolution sensors such as Landsat 7 ETM+  may not be able to accurately classify riparian 
vegetation, it has been found to be capable of providing an indication of the condition of 
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vegetation in broader riparian zones (Yang 2007), and provides extensive spatial and 
temporal coverage that cannot be achieved by higher resolution options without significant 
cost Arroyo et al. (2010).  
The spectral resolution of a sensor, as it was defined in Table 3, controls the extent to which 
certain biophysical parameters can be detected and analysed. Sensors with a broader 
spectral resolution enable study of landscape parameters that are not easily detectable to 
the naked eye. Data collected in the near and mid infrared portion of the electromagnetic 
spectrum provide useful information relating to vegetation health and density, and assist in 
creating an understanding of land use processes and spatial patterns (Pavri and Lynch 2011). 
Temporal resolution, the time between acquisitions of images in the same area is an 
important component of multi-date studies. Apan et al. (2002) note the importance of 
considering larger temporal scales in landscape ecological studies, and Barbosa et al. (2006) 
described high temporal resolution data as a crucial component when studying changes 
over time. In a study of NDVI in north-east Brazil, Barbosa et al. (2006) justified the selection 
of their sensor by outlining its high temporal resolution and 20 year data record, enabling 
detailed analysis of their study area over time. 
2.2.1 The Landsat System 
The first Landsat satellite was launched in 1972 containing a multispectral scanner (MSS) 
that collected images of earth in 4 bands covering the visible and near-infrared spectrum. 
New satellites and sensors have been launched progressively increasing the spatial and 
spectral resolution of imagery being acquired, which has led to the creation of a 40 year 
long archive of continuously collected imagery of the earth’s surface (USGS 2014). This long-
term collection of Landsat data, coupled with the satellites 16 day return period make it a 
useful device with which to measure spatiotemporal changes to vegetation and has proved 
useful in multiple studies looking at decade-scale changes to land cover and land use (Xie et 
al. 2008, Rokni et al. 2014, Lehmann et al. 2013, Pflugmacher et al. 2012, Santillan et al. 
2010). 
The Landsat sensors are classified as having medium to coarse spatial resolution with the 
early MSS sensor having a resolution of 80 metres, with the updated sensors Thematic 
Mapper (TM), Enhanced Thematic Mapper (ETM+), and Operational Land Imager (OLI) 
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having a resolution of 30m in the visible, Near Infrared Radiation (NIR), and Short Wave 
Infrared Radiation (SWIR) range (USGS 2014). Apan et al. (2002), Sridhar et al. (2010) and 
Rigge et al. (2014) have all found Landsat imagery capable of mapping riparian vegetation 
extent and detecting spatiotemporal changes in the vegetation cover.  
Landsat sensors record imagery across all the major portions of the reflected 
electromagnetic spectrum, with good coverage in the visible, NIR and SWIR bands. As 
shown in Table 4, the wide range of reflected radiation recorded by Landsat sensors enables 
detailed analysis of land cover 
The USGS have made the entire Landsat archive, covering 1972 to the present day available 
at no cost thereby enabling further research and analysis of much of the Earth’s surface 
without the sometimes prohibitive costs of data from other sensors 
Table 4: Landsat Band Designations from USGS (2014) 
Satellite Sensor Resolution (m) Wavelength (µm) 
Landsat 4-5 TM 30 
30 
30 
30 
30 
120* (30) 
30 
Band 1: 0.45-0.52 
Band 2: 0.52-0.60 
Band 3: 0.63-0.69 
Band 4: 0.76-0.91 
Band 5: 1.55-1.75 
Band 6: 10.40-12.50 
Band 7: 2.08-2.35 
Landsat 7 ETM+ 30 
30 
30 
30 
30 
60* (30) 
30 
15 
Band 1: 0.45-0.52 
Band 2: 0.52-0.60 
Band 3: 0.63-0.69 
Band 4: 0.77-0.90 
Band 5: 1.55-1.75 
Band 6: 10.40-12.50 
Band 7: 2.09-2.35 
Band 8: .52-.90 
Landsat 8 OLI & TIRS 30 
30 
30 
30 
30 
30 
30 
15 
30 
100* (30) 
100* (30) 
Band 1: 0.43-0.45 
Band 2: 0.45-0.51 
Band 3: 0.53-0.59 
Band 4: 0.64-0.67 
Band 5: 0.85-0.88 
Band 6: 1.57-1.65 
Band 7: 2.11-2.29 
Band 8: 0.50-0.68 
Band 9: 1.36-1.38 
Band 10: 10.6-11.19 
Band 11: 11.5-12.51 
*Images acquired by the MSS sensor have been resampled to 60m from an original 79x57 m resolution. Images from TM, 
ETM+ and TIRS are captured at the larger resolution and processed to 30m resolution.  
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2.3 Remote Sensing and Vegetation Analysis 
 
 
 
 
 
 
 
 
 
 
The use of remote sensing technology for the analysis, classification and delineation of 
vegetation relies on their unique spectral reflectance characteristics (Figure 2: Spectral profile 
of healthy green vegetation (The Scottish Government 2009)). The nature of the solar radiation 
reflected from leaves back to the sensor is largely controlled by the pigments present in the 
leaf, the scattering of NIR energy within the leaf, and the water content of the leaf (Jensen 
2013). The combination of these parameters is most readily seen in the spectral profile of 
healthy green vegetation. Due to the presence of chlorophyll, a healthy leafs spectral profile 
will show a peak in green reflectance, with other portions of the visible spectrum being 
absorbed. 
The reflectance increases dramatically at the ‘red edge’ of the visible spectrum and plateaus 
across the near-infrared portion due to an adaptation that protects the leaves. The 
absorption of NIR radiation by vegetation would cause overheating and irreparable damage, 
thus most NIR energy is either reflected or transmitted through the leaf (Jensen, 2013). In 
contrast to healthy vegetation, almost all near and middle infrared radiation entering a 
Figure 2: Spectral profile of healthy green vegetation (The Scottish Government 2009) 
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water body is absorbed. Remote sensing analysis makes use of this difference in the near-
infrared region to easily distinguish between water and vegetation, which is especially 
important in studies of riparian vegetation (Jensen, 2013). 
2.3.1 Vegetation Indices 
Vegetation indices were beginning to be derived and implemented as a means of 
distinguishing vegetation features in the 1970’s, when the capabilities of remote sensing 
technology were first being realised (Rouse et al. 1974, Kauth and Thomas 1976). The 
formulation of vegetation indices introduced a new way of looking at and interpreting 
remotely sensed imagery, utilising the newly available spectral data to better characterise 
and classify land cover. A vegetation index (VI) uses ratios, differences and sums of spectral 
band data to avoid the problems that arise in spectral signatures due to differing times and 
atmospheric conditions at which the image is taken (Jackson and Huete 1991). By using a 
ratio between two bands, it is also possible to observe changes in vegetation that cannot be 
easily detected using a single band. Vegetation indices typically contrast an absorbing 
feature against a non-absorbing feature to best display the feature to be studied (Huete 
2012). The most common use of VI’s is to obtain a measurement of the abundance of green 
vegetation, the vegetation greenness and green biomass, however other indices have been 
derived that also account for vegetation water content and the presence of aerosols in the 
atmosphere (Jensen 2013).  
The Normalized Difference Vegetation Index (NDVI) is perhaps the most commonly used 
vegetation index, first described by Rouse et al. in 1974 as an effective method of displaying 
green biomass, it has also been shown to reduce many forms of noise present in 
multispectral, multi-date imagery such as that from sun illumination differences, cloud 
shadows, atmospheric attenuation and topographic variations (Jensen 2013). NDVI uses a 
ratio between the visible red band (absorbed strongly vegetation) and the near-infrared 
band (reflected strongly by vegetation) (equation displayed below) and was found to better 
display the brightness, greenness and density of vegetation compared to a single spectral 
band (Cohen and Goward 2004). Different land cover types absorb or reflect red or near-
infrared radiation at different levels, and thus provide different NDVI values. Table 5 
displays a list of different land cove types associated with a range of NDVI values. 
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Table 5: Representative NDVI values for different land cover types (USGS 2015) 
NDVI Values Land Cover Type 
-1 - 0 Water 
0 – 0.1 Barren rock, sand, bare soil 
0.2 – 0.5 Sparse vegetation (shrubs, grassland etc.) 
0.6 - 1 Dense, vigorous vegetation 
 
The NDVI has been applied to remotely sensed imagery on a range of studies, from 
continental to localised scales and as both individual snapshots in time or as part of a multi-
temporal study. Its usefulness in a broad range of applications means it has been 
implemented in an array of studies, covering a vast spectrum of vegetation features. 
Studied vegetation features include: 
• Long-term impacts of drought and inter-annual variation in vegetation growth 
(Barbosa et al. 2006) 
• Forest disturbance and regrowth monitoring (Schmidt et al. 2015) 
• Quantitative analysis of riparian vegetation (Nagler et al. 2001) 
• Evaluation of riparian vegetation change over 24 years and analysis of conservation 
practices (Rigge et al. 2014) 
The NDVI has been proven to be an effective tool for vegetation cover analysis, and is 
capable of enabling detailed analysis of riparian vegetation on a range of scales, over 
decadal time-scales.  
2.3.2 Change Detection of Riparian Vegetation 
Remote sensing imagery has been widely used for mapping specific ecosystems over time, 
and with its importance for water quality, nutrient retention and habitat, the riparian zone 
has been the focus of a number of studies. Due to its broad spatial coverage, and extensive 
archive of data, Landsat derived satellite imagery is often used in riparian change detection 
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studies.  The archival data enables researchers to undertake either multi-decadal studies, 
that look to determine the impact of changes in environment on the spatial and temporal 
coverage of riparian vegetation over time (Rigge et al. 2014), or due to 16 day return period 
of imagery enables the monitoring of seasonal growth of certain riparian vegetation species, 
and how this progresses year to year (Sridhar et al. 2010). On a broader scale, Landsat data 
has also been implemented to evaluate the causes and consequences of land use change on 
the wider riparian zone. The spatial coverage of the Landsat system, and its ability to collect 
and archive data over time enable it to be utilised as a tool that successfully captures the 
impact of such causes and consequences (Pavri and Lynch 2011). 
Change detection is conducted through the analysis of multi-date imagery in order to 
differentiate areas that have experienced land cover change during the period in between 
the dates of the images (Sunar 1998). Remotely sensed imagery is particularly useful for 
change detection as it is able to repetitively cover the same land areas at short intervals 
with equal image quality each time (Mas 1999). Change detection of remotely sensed 
imagery operates on the premise that changes in land cover over time are represented by 
changes in the radiance values that are detected by the sensors. To ensure that the 
detected change in radiance values is less likely to be attributed to differences in 
atmospheric conditions, differences in sun angles or phenological variation of vegetation, it 
is important to use data selected from as close to the same time of year as possible (Mas 
1999). 
The most common change detection techniques are those of image differencing, and the 
post-classification comparison of imagery. Image differencing operates by subtracting the 
value of an individual pixel value on one date from the same pixels corresponding value on a 
second date. Post-classification comparison is achieved by extracting the differences 
between two separately classified and labelled images (Guo et al. 2010). 
2.3.3 Image Differencing 
In studies of vegetation change, image differencing is a technique commonly used when 
vegetation indices have been applied to remotely sensed imagery (Mas 1999, Guo et al. 
2010). Image differencing as a form of change detection is seen as a straightforward and 
easily implementable method (Sunar 1998) but does not provide the same level of detail 
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about the nature of change as the post-classification method. Strongly positive and negative 
values resulting from the differencing operation indicate areas of significant change, and 
values closer to zero indicate lower levels of change occurring. Guo et al. (2010) found 
image differencing to be the most reliable and accurate change detection method when 
assessing areas in Victoria following bushfires in 2009. The difference in values of various 
vegetation indices from images before and after the fires gave the authors more accurate 
results regarding the areas burned compared to the same analysis conducted using the 
post-classification method. In a study monitoring forest health over time using Landsat TM 
data, Royle et al. (1997) found using a vegetative index difference change detection method 
successfully displayed the change in vegetation health, being closely aligned with ground-
truthed data. 
2.3.4 Post-Classification Comparison 
The option of using post-classification studies for this research was investigated where the 
aim is to determine the extent to which certain pixels have moved between classes when 
comparing scenes from different times (Sunar 1998). This method has the advantage over 
other change detection methods by providing a descriptive matrix of the changes that occur 
between two times period, displaying where and to what extent pixels have moved 
between classes. Mas (1999) found post-classification change detection to be the most 
accurate when looking at vegetation change in tropical forests, as it was not as adversely 
impacted by sun-angle, phenological or atmospheric variation compared to other methods 
trailed during the same study. In tropical areas where obtaining cloud-free imagery from the 
same time each year is difficult, this method was the most useful.  As access to cloud free 
imagery was available this study did not utilise post-classification comparison techniques. 
 
Mas (1999) does detail however, that the accuracy of change map produced using a post-
classification comparison can only be as accurate as the individual accuracies of each 
individually classified image. This sentiment is supported by Gou et al. (2010) who notes 
that mis-classification errors in one image are compounded in the comparison and yield 
unsatisfactory results. They concluded that due to the 30mx30m spatial resolution of 
Landsat imagery, the spectral resolution between classes wasn’t great enough to enable 
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highly accurate classification. Yang (2007) noted the same occurrence in his comparison of 
sensors most suitable for riparian classification. 
The medium spatial resolution of the Landsat imagery, with its 30mx30m pixel size means 
detailed classification of the generally mixed riparian area is not possible to achieve at high 
standard, however due to the extensive long timescale data archive of the Landsat sensors, 
as well as a spectral resolution wide enough to enable the creation of vegetation indices, 
image differencing will most likely be a reliable and accurate method of change detection. 
There are numerous precedents for the use of Landsat derived imagery for the purpose of 
monitoring vegetation change and classifying environments, showing that with the use of 
the correct methods, valuable results can be achieved. 
2.4 Summary 
From a legislative perspective alone, there are certainly grounds for this research to be 
undertaken, and with projects within the NSW Department of Primary Industries focusing 
mainly on current vegetation extent, a historical overview of vegetation change will 
enhance the knowledge bank on riparian vegetation. There is an identifiable need for a 
study that looks at historical vegetation change on a catchment scale, which can then be 
compared against current vegetation extent, and may prove useful to assess the impact and 
effect of environmental legislation on improving the health of riparian ecosystems. 
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Chapter 3. Regional Setting 
The study area comprises the entire New South Wales portion of the south-east coast 
drainage division. The boundaries of the study area are defined to the west by the Great 
Dividing Range, separating the studied catchments from those that form the greater 
Murray-Darling Basin system, and to the east by the 
coast line of New South Wales.  
The northern boundary is defined as the border 
between Queensland and New South Wales, and the 
southern boundary defined as the Victorian-New 
South Wales border. The drainage division does 
extend into north-eastern Victoria, however for this 
study, only catchments in NSW were used (Figure 3). 
The key defining characteristic of this study area is 
the easterly drainage direction of all the catchments 
contained within it. 
The south-east coast region of NSW has a total area 
of 129,500 km2 (BOM 2012), and is composed of five 
major catchment areas (from south to north): 
• Southern Rivers 
• Hawkesbury-Nepean 
• Sydney Metropolitan 
• Hunter/Central Rivers 
• Northern Rivers 
 
The region experiences a warm temperate climate, with moderate and fairly consistent 
rainfall due to the proximity to the coast and the orographic influence of the Great Dividing 
Range.  
The coastal nature of the study area moderates the impact of more severe climatic 
fluctuations. (BOM 2012) 
Figure 3: The South-East Coast Drainage 
Division of Australia (NSW Office of Water) 
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The 129.500 km2 area of the south-east coast drainage division is comprised of three 
distinct bioregions with readily observable differences in climate and the nature of their 
landforms. Information and statistics is taken from the NSW Office of Environment & 
Heritage Bioregion Overviews (2011). The three bioregions in which the study area lies are 
the South East Corner, the Sydney Basin, and the NSW North Coast, and can be seen in 
Figure 4. 
Figure 4: Diagram of New South Wales Bioregions (NSW Office of Environment and Heritage) 
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3.1 South East Corner Bioregion 
This bioregion encapsulates the lower portion of Southern Rivers catchment area, extending 
from the north of Batemans Bay down to the Victorian border, with the Bega and Tuross 
River catchments being the largest within the region. 
The region is dominated by a temperate climate, having warm summers and no distinct dry 
season. A small portion in the southwest lies adjacent to the Australian Alps bioregion and 
thus experiences a more montane climate with milder summers. 
The geology of this region is dominated by the folded and metamorphosed sedimentary 
rocks of the Lachlan Fold Belt, the south-eastern extent of which outcrops along the length 
of the coast. These rocks are Ordovician to Devonian in age, and have been intruded by a 
series of younger granitic plutons known as the Bega Batholith. These plutons form much of 
the bedrock of the region and have a large influence on the landscape topography. The 
north-south orientation of the harder metamorphosed rocks has controlled the direction of 
the coastal ranges, while the more erodible granite has weathered into topographic basins, 
forming much of the soil in the area and is well represented by the quantity of sand in many 
of the middle to lower reaches of the regions’ rivers. 
3.2 Sydney Basin Bioregion 
This region covers the central portion of the study area, containing within it the 
Hawkesbury-Nepean, Sydney Metro, a section of the Hunter/Central Rivers and the upper 
Southern Rivers catchments. The region extends from the north of Batemans Bay on the 
south coast to Nelson Bay on the central coast. This region has the furthest inland extent of 
the study area, reaching out west towards Mudgee. 
The size of the region, in conjunction with the variations in topography mean there are a 
number of different climatic zones. The climate of the western portion of this region is 
controlled by the presence of the Blue Mountains, with the areas of higher altitude 
experiencing comparably lower temperatures and slightly higher levels of rainfall. The 
northern area of the region, where it joins to the North Coast experiences a sub-humid 
climate however the dominant climatic system across the Sydney bioregion area is that of a 
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temperate climate, with warm summers and no distinct dry season. Higher temperatures 
typically occur along the coast. 
The Sydney-Bowen Basin underlies the entirety of this region. Overlying the Lachlan Fold 
Belt that composed the South East Corner Region, the Basin was formed as the result of a 
number of geological processes occurring chiefly during the Permian and Triassic periods. 
The early Permian period saw the initial formation of the basin as a result of subsidence 
following continental rifting. This area was initially deposited with marine sediment, derived 
from a series of offshore volcanoes (Geoscience Australia 2015). The sediment deposition 
that occurred from the early Permian to early Triassic period was controlled by cyclical sea 
level transgressions and regressions, as well as folding and faulting of the New England Fold 
Belt. Typically, sea level regressions saw the deposition of finer sediments and the 
formation of delta plains leading to the formation of the coal measures now being mined in 
eastern NSW. Transgressions saw an increase in the energy of rivers, allowing the deposition 
of coarser sand layers across the Basin. The deposition of the coal measures and sandstone 
is thought to have effectively filled the basin (Resources & Energy NSW 2015) and was then 
followed by a slight subsidence of the area lasting into the Early Triassic period. The final 
major stage in the formation of the Sydney-Bowen Basin was the deposition of extensive 
fold belt derived quartz sandstone units. Uplifting of both the New England Fold Belt to the 
north and the Lachlan Fold Belt to the south-west at different times lead to the formation of 
large braided river systems extending for hundreds of kilometres across the basin, resulting 
in the formation of large quartz sandstone deposits. The erosion resistant nature of the 
quartz sandstone has led to the creation of many of the distinct landforms in the region 
such as the large escarpment forming the boundary of the Illawarra region, the sheer sea 
cliffs on the coast of Sydney and the large gorges of the Blue Mountains. 
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3.3 NSW North Coast Bioregion 
This region begins to the north of Newcastle and extends up to the Queensland border, 
containing the upper section of the Hunter/Central Rivers and Northern Rivers catchments. 
The climate varies across the region with a sub-tropical climate on the coast characterised 
by hot summers, a sub-humid climate further inland and a temperate climate in the uplands 
of the far western areas. Owing to the position of the region further to the north, the area 
typically experiences higher levels of mean annual rainfall, with the highest levels along the 
coast. 
The geology of the North Coast region is quite complex and the result of a number of 
significant processes occurring since the continental breakup. The bedrock is composed of 
Devonian and Permian aged rocks that form the New England Fold Belt, with dense faulting 
and folding where it has been thrust over the northern boundary of the Sydney Basin. The 
inland reaches of the North Coast region are characterised by areas of high relief, formed as 
a result of millions of years of erosion into the escarpment that formed following the uplift 
and subsequent subsidence of the NSW coast during the opening of the Tasman Sea. The 
plate movement occurred 80-100 million years ago, and the impact of the headward erosion 
since then can be seen in the deep gorges cutting back into the New England Tablelands.  
The Clarence-Moreton Basin also lies within the North Coast region and contains similar 
sediment sequences to those occurring in the Sydney Basin, though with much less 
significant coal measures. This area has also seen significant volcanic activity, with Tertiary 
basalt present originating from the Tweed volcano, a shield volcano dated to have been 
active 20-24 million years ago. Mt Warning is a remnant of the Tweed volcano, representing 
a volcanic plug formed from coarse igneous material that once existed within the crater of 
the volcano. 
The landscape of the North Coast region follows a sequence from a coastal sand barrier, 
moving through foothills and ranges further inland and rising to form the steeper slopes and 
gorges of the escarpment that runs along Australia’s eastern coast.  
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Table 6 shows a summary of climate statistics for the 3 bioregions within the study area, 
showing increasing average temperatures, and increased levels of rainfall from south to 
north. 
 
Table 6: Climate statistics for the South East Corner, Sydney Basin and North Coast Bioregions (OEH 2014) 
 South East Corner Sydney Basin North Coast 
Mean annual temperature (°C) 7 – 16 10 - 17 8 – 20 
Minimum average monthly temperature (°C) -3.5 – 8.4 -1.4 – 8.1 -2.8 – 9.8 
Maximum average monthly temperature (°C) 19.2 – 28.8 22.4 – 31.9 20.3 – 30.9 
Mean annual rainfall (mm) 507 – 1523 522 - 2395 607 – 2912 
Minimum average monthly rainfall (mm) 29 – 102 26 – 101 30 – 99 
Maximum average monthly rainfall (mm) 58 - 155 69 - 245 76 - 499 
 
 
3.4 Rainfall and Hydrology 
Annual rainfall in the South East Coast drainage division is a mixture of summer dominant 
rainfall, concentrated in the northern half of NSW, and more uniform rainfall concentrated 
in the southern half of the state, as seen in Figure 5 
The highest areas of summer dominated rainfall, with over 1200mm annually are 
concentrated in pockets along the mid-north to north coast. The entirety of the north coast 
experiences summer dominated rainfall but the annual level decreases slightly to an annual 
average of 650-1200mm mostly in the inland areas but also along the coast away from the 
localised pockets. 
The more uniform levels of annual rainfall occur along the coastal fringe from Newcastle to 
Sydney, and then also in the areas of higher altitude going into the southern reaches of the 
study area. 
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Table 7 provides a summary of mean monthly rainfall for selected rainfall gauges within the 
south east coast drainage division, with the gauges arranged from left to right in their south 
to north position. This gives an indication of the extent to which the summer season 
dominates the annual rainfall levels for the north coast section in the study area. 
Figures depicting both mean monthly rainfall for these gauges, as can be seen in Appendix 
1.  
 
 
Figure 5: Diagram displaying areas of summer dominated, and seasonally uniform rainfall in 
the South-East Coast Drainage Division (BOM 2012) 
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Table 7: Average annual rainfall for seven rainfall gauges in the eastern NSW study area. Gauges range from south 
(Bega) to north (Byron Bay) (BOM) 
 
October to March is the wettest period for the study area, seeing a significant proportion of 
the annual rainfall, while June to September is typically the driest, with the lowest monthly 
rainfall occurring in September for all rainfall gauges.
Station No. 69002 68000 66062 61014 60022 59026 58007 
Station 
Name 
Bega Albion 
Park 
Post 
Office 
Sydney 
(Observatory 
Hill) 
Branxton 
(Dalwood 
Vineyard) 
Laurieton 
(Elouera 
Street) 
Upper 
Orara 
Byron 
Bay 
Elevation 
(MASL) 
50 8 39 40 12 145 3 
Period of 
Record 
1879 - Present 1892-
Present 
1858 - 
Present 
1863 - 
Present 
1885 - 
Present 
1899 - 
2013 
1892 - 
Present 
 Average Rainfall (mm) 
January 82.4 103.6 102.5 89.4 150.4 224 196.8 
February 88.9 124.1 117 94.2 186.1 254.9 221 
March 94.6 130 129.2 90.4 184.6 281.5 228.8 
April 71.5 102.3 128.6 71.4 158.6 189 187.2 
May 72.6 94 119.9 60.8 135.3 146.1 191.5 
June 80.3 106.4 131.9 67.8 134.8 141.2 167.5 
July 53.2 70.4 97 51.2 93.8 94.1 121.3 
August 51.5 68.1 80.6 44.8 83.7 79.5 96.4 
September 51.9 60.3 68.4 49.8 75.8 71.1 71.3 
October 67.7 
 
77 76.7 58.7 99.9 108.6 105.5 
November 68.5 85.2 84.1 64.3 115.4 141.7 124.3 
December 77.7 80.2 77.7 78.6 124.4 159.9 155.4 
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Variation in the Southern Oscillation Index (SOI) exerts a significant degree of influence over 
long term climatic patterns for eastern NSW, with cyclical changes of the SOI resulting in 
fluctuations of rainfall and streamflow levels. Figure 6 shows the variation in the SOI 
between 1987 and 2015 (the period of study), represented by the blue line, and is overlain 
by the annual rainfall figures for Sydney (Observatory Hill), represented by the green line, 
during the same period, highlighting the effect of the SOI on rainfall patterns. An El Niño 
occurs event when there are sustained SOI levels lower than -7 which indicates a warming 
of the central and eastern Pacific ocean, a reduction in strength of the west to east Pacific 
Trade Winds and results in a reduction in winter and spring rain fall for eastern Australia.  
A La Niña event is associated with SOI values great than 7 and sees a cooling off of the 
central and eastern Pacific as well as a warming of the waters to Australia’s north.  
In conjunction with an increase in the strength of east to west Pacific Trade Winds, there is 
an increased probability of wetter than average conditions along eastern Australia (BOM 
2016). 
Figure 6: Southern Oscillation Index from 1987-2015 overlain with annual rainfall at Sydney (Observatory Hill) for the same 
period (BOM) 
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3.5 Land Use 
The dominant land use type in the study area is land set aside for conservation purposes, 
with areas under pasture representing the next greatest area. Initially at the time of 
settlement and subsequent expansion along the coast, most of the areas now known as 
conservation areas would have been deemed as unfit for agricultural purposes and thus not 
cleared. Being of little use economically they have now been protected for appreciation by 
the general public and visitors to the region. The proportions of the various land use types 
are shown in Figure 7. 
In the northern areas of the NSW east coast, subtropical cropping, along with a mix of 
irrigated and dryland cropping are the dominant industries occurring on agricultural land, 
favoured by the higher rainfall levels. 
The central areas of the coast see large portions of land being used for irrigated agriculture, 
with wine grape growing and dairy pasture being the most common agricultural activities. 
These are generally concentrated in the Hunter River basin. 
The southern areas of the region see irrigated broad acre farming as well as quite extensive 
dairy farming operations. These activities occur mostly in the Hawkesbury-Nepean and Bega 
River catchment areas (BOM 2012). 
Figure 7: Diagram depicting proportional land use in the South-East Coast Drainage Division (BOM 2012) 
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Chapter 4. Methods 
Introduction 
The purpose of this study was to use historical and recent time-series of Landsat acquired 
satellite imagery to measure and quantify changes in the distribution and extent of riparian 
vegetation in eastern NSW. Changes in riparian vegetation were assessed by analysing the 
results of image differencing calculations applied to Landsat imagery. The spatial extent of 
the study area was derived from data depicting all NSW catchments that drain into the 
ocean on the east coast (OEH), and the river networks used in this study were delineated 
from NSW land use data (DECCW 2009). Landsat imagery was acquired through the USGS 
Earth Resources Observation and Science (EROS) Center Science Processing Architecture 
(ESPA) On Demand Interface. Figure 8 depicts a summary of the processing steps 
undertaken in this study. 
 
Figure 8: Flow chart summarising the processing steps undertaken in the study 
  
Acquisition of 
Landsat Surface 
Reflectance imagery 
Cropping of Landsat 
imagery to study area 
extent 
Mosaicing Landsat 
imagery together for 
each year 
Combining and 
averaging of 5 year 
groupings of Landsat 
imagery 
Delineation of 
eastern NSW river 
networks 
Application of fixed 
50m buffer to river 
networks 
Clipping Landsat 
imagery to the  
buffered river 
network 
Image differencing 
calculation. 
Initial state - Final 
state 
Post-differencing 
analysis 
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4.1 Acquisition of Remote Sensing Data 
4.1.1 Landsat Spectral Reflectance Product 
To conduct analysis of the data on a state-wide scale, the Landsat imagery was acquired 
through the USGS Earth Resources Observation and Science (EROS) Center Science 
Processing Architecture (ESPA) On Demand Interface. The Spectral Reflectance product 
derived vegetation indices were released in July 2015, with the aim of offering higher-level 
data products that supported land surface change studies, while removing the need for 
post-production processing by the user (USGS, 2015). Landsat Surface Reflectance data is 
generated from Landsat 4-5 Thematic Mapper (TM), Landsat 7 Enhanced Thematic Mapper 
(ETM) +, and Landsat 8 Operational Land Imager (OLI) imagery. Landsat scenes are selected 
based on their position in the Landsat Worldwide Reference System, a grid covering the 
surface of the earth with Path numbers representing the longitudinal position of the scene, 
and Row numbers depicting the latitudinal position. Thus a combination of a Path and Row 
number identifies a single scene. Table 8 displays the Path and Row numbers for the scenes 
required to provide adequate spatial coverage of the study area, and the major city in that 
scene to indicate the general position of the scene. 
Table 8: Landsat scene longitudinal (Path) and latitudinal (Row) designation 
 
Although the spatial resolution of the Landsat sensor system(s) is not quite capable of 
classifying vegetation on a local scale, it was decided to be the best source of data for this 
project due to its very good temporal resolution (every 16 days), extensive data record (43 
years), and good coverage of the electromagnetic spectrum (7 bands in Landsat 4-5 and 7 
ETM+ extending to 11 in Landsat 8 OLI). The fact that all Landsat data is freely available to 
Path Row Major City 
89 80 Ballina/Byron Bay 
89 81 Coffs Harbour 
89 82 Port Macquarie 
89 83 Newcastle/Sydney 
89 84 Coastal Wollongong 
90 81 Cobbadah (edge of 89/81) 
90 82 Muswellbrook 
90 83 Bathurst 
90 84 Wollongong 
90 85 Moruya/Narooma 
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all users, and covers all of the earth’s surface, means study and analysis of large land areas 
will be more readily achievable compared to what may be achieved with other sensor data. 
All Landsat imagery is processed using the Level 1 Product Generation System (LPGS) (USGS, 
2015), which applies the following parameters to the imagery: 
• GeoTIFF Output Format 
• Cubic Convolution resampling method 
• 30 metre pixel size 
• Universal Transverse Mercator (UTM) map projection. 
• World Geodetic System (WGS) 84 datum 
• North-up image orientation 
The imagery is then radiometrically and geometrically corrected to the highest standard 
possible, by incorporating ground control points and/or a Digital Elevation Model (DEM).  
Surface Reflectance Product imagery undergoes further processing to atmospherically 
correct the image before use. Landsat 4-7 imagery is processed using the Landsat Ecosystem 
Disturbance Adaptive Processing System (LEDAPS). LEDAPS inserts water vapour, ozone, 
geopotential height, aerosol optical thickness, and digital elevation information into a 
radiative transfer model to atmospherically correct the imagery. Landsat 8 OLI imagery is 
atmospherically corrected using L8SR software, which uses a different radiative transfer 
model to LEDAPS as well as a different method of acquiring the atmospheric data (USGS, 
2015). Maersperger et al. (2013) describe output images from the LEDAPS system as 
consistent with field spectrometer measurements, and MODIS derived surface reflectance 
values, representing a consistent method for deriving surface reflectance. Claverie et al. 
(2015) found that most LEDAPS derived surface reflectance imagery fell within the ±5% 
error threshold when compared with other methods of deriving reflectance, with no 
significant difference in performance between the different Landsat sensors. 
The Normalised Difference Vegetation Index (NDVI) is calculated from the Surface 
Reflectance Product imagery, and is delivered by the USGS as a final product described as a 
Landsat Surface Reflectance-Derived Spectral Indice. 
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The NDVI is calculated as the ratio between the red (R) and near-infrared (NIR) bands in the 
image. 
  
NDVI = (NIR - R) / (NIR + R) 
 
For Landsat 4-7, NDVI = (Band 4 – Band 3) / (Band 4 + Band 3).  
 
For Landsat 8, NDVI = (Band 5 – Band 4) / (Band 5 + Band 4).  
 
Landsat Spectral Indices products courtesy of the U.S. Geological Survey Earth Resources 
Observation and Science Center. 
4.1.2 Reducing phenological variability 
Landsat Surface Reflectance images were selected from the USGS Earth Explorer (USGS, 
2015) website free of charge, with the aim of acquiring all scenes as close to anniversary 
date as possible. By selecting the imagery in a fairly narrow annual window, the effect of 
inter-annual variations such as changes in sun illumination conditions and vegetation 
phenology is greatly reduced. Pflugmacher et al. (2012) acquired imagery from mid-summer 
when conducting a study of disturbance history and forest structure in the North-West 
United States; however Broich et al. (2014) describe the northern hemispheres mid-high 
latitude phenological variability as being influenced chiefly by temperature, while the 
variability in Australia is linked chiefly to rainfall. Average monthly rainfall for a set of gauges 
along the eastern coast of NSW can be seen in Appendix 1. For all gauges September 
experiences the lowest average annual rainfall. 
For this project, imagery was acquired during the month of September or as close to as 
possible. This was done because rainfall in September and the two months preceding 
receive on average the lowest rainfall on NSW’s east coast, thus reducing the impact of 
rainfall influenced phenological variability. Where it was not possible to obtain cloud-free 
imagery during September, images from either August or October were selected. To cover 
the full extent of the study area, eleven separate scenes were required. The final data 
download contained 106 images. Table 9 depicts a summary of the Landsat Surface 
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Reflectance product NDVI scenes that were acquired to create a dataset that covered the 
study area for the year 2014. The ‘Status’ heading refers to the level of cloud in the 
individual scenes. ‘Good’ indicated a totally cloud-free image, and ‘some cloud’ indicated 
that there is some cloud present in the image, but the cloud covered area will not be part of 
the overall study area. Tables for all years detailing the full set of Landsat scenes used in the 
study may be seen in Appendix 2 
Table 9: Summary of Landsat data acquired to form full spatial coverage of the study area for an individual year. 
Path Row Status Month Scene ID 
89 80 Good October LC80890802014296LGN00 
89 81 Some cloud August LC80890812014216LGN00 
89 82 - -  
89 83 Good August LC80890832014216LGN00 
89 84 Good August LC80890842014216LGN00 
90 81 Good September LC80900812014271LGN00 
90 82 Good September LC80900822014271LGN00 
90 83 Good September LC80900832014271LGN00 
90 84 Good September LC80900842014271LGN00 
90 85 Good September LC80900852014271LGN00 
90 86 Good September LC80900862014271LGN00 
4.2 Compilation of remotely sensed imagery 
Once all remotely sensed imagery had been acquired, further processing was conducted 
using ArcGIS® software (Version 10.2, ESRI). All further processing and analysis detailed in 
this chapter were undertaken using this software.  
The study area extent for this project was determined by the boundaries of an Office of 
Environment and Heritage NSW Estuary Drainage Catchments file, which displays the 
hydrological boundary of each catchment draining eastwards into the ocean in NSW.  
Individual Landsat scenes were cropped so that their outlines matched those of the Estuary 
Drainage Catchments file. A single Landsat scene is approximately 170kmx183km (USGS, 
2015) and in some instances, a significant area lay outside the study area. By cropping the 
Landsat scenes, the processing load on the computers was significantly reduced in further 
operations. 
The Mosaic tool in ArcGIS® was used to combine the Landsat scenes from the same year. 
The tool operates by merging multiple raster datasets into a single raster dataset, and 
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where cells from different scenes were overlapped, the mean of the overlapping pixels was 
calculated, and that value was given to the output cells.  
Once the scenes had been mosaicked together to give coverage of the study area for each 
year, they were aggregated into 5 year groups. These groups were then added together and 
averaged. This was done to: 
a) further reduce the impact of phenological and inter-annual variability between 
years; and 
b) reduce the impact on the results of areas where full coverage of the study area could 
not be obtained due to the presence of clouds. 
Initial averaging of the imagery using the Raster Calculator was unsuccessful, as the output 
image was bound to the spatial extent of the annual mosaic with the least coverage. This 
was due to the fact that the Raster Calculator tool cannot add a cell attributed with having 
no data (labelled as NoData) with cells with that are assigned a numerical value.  
The Cell Statistics tool calculates per-cell statistics from multiple rasters (ESRI, 2015) and 
enables the user to ignore cells labelled as ‘NoData’ when inputting data. Using the Mean 
function of the Cell Statistics tool had two benefits: 
I. It enabled the creation of an output image that covered the full extent of the study 
area and, 
II. Successfully averaged the images from multiple years. By selecting the ignore 
NoData option, the NoData cells within the neighbourhood of a particular pixel are 
ignored when the mean is being calculated, and in addition, a cell that is assigned 
the value of ’NoData’ is assigned the mean value of cells in its ‘neighbourhood’. This 
avoids the skewing of results that would arise were the cells simply assigned a zero 
value and gives a more realistic indication of the true mean.  
 
4.3 River Network Delineation 
The river network used in this study was derived from the 2009 Department of 
Environment, Climate Change and Water (DECCW) Land Use: New South Wales dataset. This 
dataset uses topographic map data to display the location, width and extent of rivers in 
 
 36 
NSW. The other available dataset was the Bureau of Meteorology (BOM) Hydrological 
Geospatial Fabric (Geofabric) dataset, which displays various hydrological features such as 
rivers water bodies and monitoring points to enable analysis of Australian river systems 
(BOM 2012). The river and drainage network from the land use dataset was selected over 
the BOM Geofabric dataset as it: 
a) Was derived as a polygon with the edges matching the banks of the river, while the 
Geofabric river networks were represented as polylines. The polygon accurately 
depicted the varying width of the river along its length, making the addition of a 
buffer easier and more accurate. Attaching a buffer to the polyline while attempting 
to accommodate variations in river width would have increased processing time 
exponentially. 
b) The land use river network closely followed the rivers path and accurately depicted 
meanders and islands that were present along the entire channel length. The 
Geofabric polyline was constructed from a series of nodes connected by straight 
lines, and thus did not always follow the path of the rivers. 
A comparison of the two layers can be seen in Figure 9, showing the BOM Geofabric dataset 
inaccurately depicting bends in the river, while the NSW Land Use river polygon file follows 
the path of the river, as well as importantly accurately depicting the width. 
Using the same Estuary Drainage Catchments layer, the NSW Land Use dataset was clipped 
to its extent before the river and drainage network was selected.  
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Figure 9: Comparison of BOM Geofabric stream network (red) and NSW Land use dataset river polygon (blue) 
The river network derived from the land use layer contained multiple land use types, both 
natural and human influenced (Table 10). For this study, only natural river channels were to 
be studied and thus additional processing was required to create a layer with only the 
desired features.  
The natural river channels were selected out of the whole River & Drainage Network dataset 
and exported to their own shapefile. The shapefile was then tidied up to remove isolated 
and discontinuous features that did not appear to be connected to the greater network of a 
particular catchment. 
Following the creation of the river and drainage network for the full extent of the study 
area, the individual catchments were clipped out to enable more detailed analysis later in 
the study. Twenty-nine individual catchments were isolated and made into their own 
shapefile, covering the entirety of the eastern NSW coast from the Wonboyn River 
Catchment on the Far South Coast to the Tweed River Catchment on the Queensland border 
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Table 10: List of different land use types all classified under the major 'River & Drainage System" land use category 
Land Use types classified as ‘River & Drainage System’ 
Aquaculture 
Boat ramp 
Canal 
Coastal lake 
Irrigation drainage channel 
Drainage depression in cropping paddock 
Drainage or water supply channel 
Estuarine waters 
Farm dam 
Flood chute 
Flood or irrigation structure 
Irrigation dam 
Lagoon or inland lake 
Urban levee bank 
Marina 
Prior stream 
Urban or irrigation pump site 
Reservoir 
River gravel deposit 
River training work 
River, creek or other incised drainage feature 
Water supply channel 
 
The widths of river buffers used in similar studies vary and thus there is no specific or 
uniform rule to be applied when undertaking analysis of this type. Fu and Burgher (2015) 
used a 200m buffer in their study assessing the relationship between riparian vegetation 
NDVI dynamics and climate, surface water, and groundwater. Apan et al. (2002) used both a 
fixed 50m buffer, as well as a variable buffer linked to Strahler Stream Order when assessing 
methods of determining change analysis on then riparian landscapes of Queensland’s 
Lockyer Valley. Using the Buffer tool in ArcGIS®, fixed buffers of 25m and 50m in width were 
applied to the individual catchments, with the aim of a sensitivity analysis comparing the 
results, as well as the results when just the river network polygon was used. Figure 10 
depicts a schematic diagram of the river polygon with a 50m buffer attached. 
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4.4 Clipping Landsat Imagery to the River and Drainage Networks 
Having delineated the individual river networks and applying buffers along their length, the 
averaged Landsat imagery was then clipped to the extent of the river networks, using the 
Raster Clip tool in the Data Management toolbox. Due to the work load required in clipping 
extensive raster datasets to 29 individual catchments, this step was conducted using the 
batch processing option. Following initial failures, final output for the 50m buffered river 
network was achieved after 6 days of continuous processing. The ArcGIS® software could 
not clip the Landsat imagery to the 25m buffer, or to the river and drainage network with no 
buffer applied without crashing. This occurred whether batch processing was conducted, or 
if catchment by catchment processing was conducted. As a result of these failures, only the 
river and drainage network with the 50m buffer applied was able to be used in this study. 
4.5 Image Differencing 
Image differencing is a simple method of change detection achieved by subtracting one 
image from another to determine the areas in which change has occurred. This is typically 
done by subtracting a more recent image from an earlier image. For this study, negative 
image differencing values represent areas where the NDVI is greater in the more recent 
image, and thus shows an increase in vegetation. Positive image differencing values 
Figure 10: Schematic diagram of River & Drainage Network polygon with adjacent 50m buffer 
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represent areas where the NDVI value has decreased from its original state in the earlier 
image, and thus shows a decrease in vegetation.  
To determine the change in the study area, a 5 year averaged dataset from 2009 to 2015 
(there was not sufficient data to use 2012 data in the study) was subtracted from a 5 year 
averaged dataset from 1987 to 1991. The image differencing was completed using the tool 
of the same name in the Image Analysis window in ArcGIS®.  
Due to the 30mx30m pixel size of the Landsat imagery, there may be areas where multiple 
land use types are grouped within one pixel, for example in an upstream area of a 
catchment where the stream channel and both banks are all contained within one 30mx30m 
grid. To reduce the impact of these mixed pixels on the results and remove ‘grey’ areas of 
change, a threshold of 0.2 NDVI was set, thus detecting only areas of significant change. 
Significant change is classed as either positive or negative depending on the outcome of the 
change detection results. As was displayed in Table 5, the NDVI values between -1 and 1 for 
a particular area indicate the land cover type. A change of 0.2 NDVI between the two time 
periods could be expected to show a change from sand to sparse vegetation, or a change 
from sparse vegetation to more vigorous and dense vegetation. The descriptions of the 
change classifications are presented in Table 11.  
 
Table 11: Description of change classifications according to the 0.2 NDVI threshold. 
Change Classification Description 
Positive Change Negative image differencing values <-0.2 
NDVI  
No Change Image differencing values between 0.2 and -
0.2 NDVI 
Negative Change Positive image differencing values greater 
than 0.2 NDVI 
  
4.6 Post-Differencing Analysis 
As well as having the river and drainage network data for the whole catchment, it was 
decided to separate the individual catchments into their main trunk channels and 
tributaries, in order to facilitate further analysis on both vegetation change and land use 
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change trends. The main trunk channel was defined as the channel after which the 
catchment was named, from its headwaters to where it drained into the ocean. The 
tributaries were then said to be any other part of the drainage network that was not the 
trunk channel. This was achieved in two steps. Firstly, the river and drainage network with 
the 50m polygon applied were separated into trunk channel and tributary using the Draw 
toolbar in ArcGIS®. The Draw toolbar enables the user to draw and create polygons, which in 
this case were made around the trunk channel extent, allowing it to be clipped out. Google 
Earth (Digital Globe 2015) was used as a guide to determine where the headwaters for each 
trunk channel began and thus to what extent it covered. 
The river networks that delineated the full extent of the individual catchments was then 
clipped to the extent of the newly created trunk channel and tributary polygons. For some 
smaller catchments, no tributaries were displayed in the original land use dataset and so no 
further processes were applied and were left defined as a ‘whole catchment’. 
Post-differencing analysis was conducted in three stages. The first stage looked at the net 
change for all catchments on the whole catchment scale, just the trunk channels and just 
the tributaries. The output image of the image differencing process was a raster dataset 
with three categories: positive change, no change, and negative change. Following the 
thresholding, ArcGIS® displayed the number of pixels in each catchment that represented 
each of these categories (Table 12).  
Table 12: Number of pixels per change class along the Bega River. The number of pixels was used to calculate the overall 
proportions of change along the lengths of rivers in the study area. 
Bega River NDVI Change Change Classification Number of pixels 
 Positive change 1204 
 No Change 45921 
 Negative Change 5463 
 
The second stage analysed the intersection of the differenced imagery with the land use 
type in the 50m buffer (Figure 11) either side of the river to determine the trends regarding 
the nature of NDVI change in each land use type for each catchment. This was achieved 
through the intersection of the results of the image differencing calculation with the NSW 
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land use dataset. This process provided information depicting the extent to which significant 
or non-significant change was occurring in each land use type for each catchment. The land 
use types were combined into six major groups to enable easier analysis and data 
interpretation  (Table 13). 
The third stage aimed to investigate the positive NDVI change that was classified as having 
occurred within the river channels themselves and determining the land use type adjacent 
to this positive change. This was done in order to see how whether the land use types in the 
adjacent buffers could have potentially influenced the in-channel change. This analysis was 
achieved by calculating the length of coincident edges between positive in-channel change 
areas and land use types in the 50m buffer. For each positive change pixel that was 
classified as being ‘river or drainage network’, the output data displays the type of land use 
adjacent to that pixel, and the length for which they intersect. For each catchment, the total 
length of the coincident edges was calculated, with the individual land use values 
normalised to the total length and presented as a percentage.  
 
 
 
 
 
 
 
 
 
 
 
 
 
  Figure 11: Schematic diagram depicting the River & Drainage Network polygon with classified land 
use types in the adjacent 50m buffer. 
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Table 13: Breakdown of land use groupings that were used in NDVI change analysis. Land Use categories were combined 
to enable more straightforward analysis. 
Land Use Groupings All major land use types 
  
Agriculture Cropping 
 Grazing 
 Horticulture 
 Intensive animal production 
  
Conservation Area  
  
Heavy Industry Mining and/or quarrying 
 Power generation 
  
Other Special category 
 Transport and other corridors 
  
River and drainage system  
  
Vegetation Tree and shrub cover 
 Wetland 
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Chapter 5. Results 
5.1 Introduction 
The following chapter summarises the results found during the course of this study. Firstly a 
summary of results is presented covering riparian vegetation change: 
i) on a whole catchment scale, 
ii) in just the trunk channels of the rivers, and 
iii) in the tributaries. 
The results in this chapter are based on a fixed 50 metre buffer width, and a change 
detection threshold of 0.2 NDVI. Significant change is said to have occurred when the NDVI 
has increased or decreased by more than 0.2 between the 1987-1991 averaged period, and 
the 2009-2015 averaged period as used in previous studies (Sohl 1999).  
5.2 NDVI Change for Rivers in Eastern NSW 
 
Image differencing was used to determine 
magnitude and location of NDVI change in 
catchments on the eastern coast of NSW 
using a mean of two five year intervals. The 
results show that a majority of the riparian 
corridors within the study area have not 
experienced a change in NDVI above the 
threshold of 0.2, however where change has 
occurred at or above the threshold, it is most 
commonly a positive change. Figure 12 
depicts an example of the image differencing 
results along a stretch of the Bega River, 
displaying positive change (green), no change 
(beige) and negative change (red) areas. Figure 12: Example of image differencing results along the 
Bega River. Positive and negative change is said to have 
occurred where NDVI has increased or decreased at or 
above the 0.2 NDVI threshold 
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5.2.1 Study Area Summary 
Results for NDVI change analysis on the full extent of the river network for each catchment 
indicate that on average, 88.9 ± 5.6 % of the pixels (Figure 13) in the study area were 
classified as not having experienced any significant NDVI change but of the 19,750 km of 
river channel assessed, 1396 km of river channel increased vegetation density as measured 
by the NDVI change detection. The average positive change for the rivers in the study area 
was 8.6±5.3%. On the whole catchment scale, the average negative change was 2.5±1.9%., 
or 378km of channel length overall. Full summary statistics and figures for NDVI change 
within the catchments of eastern NSW may be seen in Appendix 3.1 – 3.4. 
The trunk channels in the study area displayed higher levels of significant NDVI change 
compared to when the whole river networks were analysed. The trunk channels displayed 
no significant change along 83.8 ± 4.9%  of their lengths, 5% lower than the whole catchment 
results. Significant positive NDVI change in the trunk channels of the study area represented 
395 km of the 3010 km length of trunk channels, and covered, on average, 12.4±4.9% of the 
Figure 13: Chart depicting a summary of average vegetation change values for whole catchments, trunk channels and 
tributaries from Table 1. Positive and negative change is said to have occurred when NDVI has increased by more than 
0.2 from the initial state. NDVI Change data for all catchments, trunk channels and tributaries may be seen in Appendix 
3.1-3.4 
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trunk channel area for each catchment. Significant negative NDVI change represented 107 
km of the length of trunk channels in eastern NSW, or 3.8%, on average, of each catchments 
area.  
The tributaries in the study area generally displayed lower levels proportionately of 
significant NDVI change along their reaches, with a much higher area comparatively showing 
no change above the 0.2 NDVI threshold. No significant NDVI change was observed in, on 
average, 92±3.2%  of tributary lengths in the study area, while positive change occurred, on 
average, at 6.8±3% along their length. This is still significant when looked at on the extent of 
the whole study area, as it represents 858km of channel length. Significant negative change 
occurred on average along 1.2±1% of the tributary lengths, covering approximately 222km 
of channels within the study area. 
An examination of the total change in riparian vegetation along the river catchments looked 
at the levels of significant change between the two time intervals across the eastern sea 
board. The positive and negative change proportions were added together in order to give 
an indication of where the highest levels of NDVI change have occurred. The five 
catchments and trunk channels with the greatest overall significant NDVI change and five 
catchments and trunk channels with the lowest overall significant NDVI change are 
presented in Table 14 & Table 15 below. 
 
Table 14: Summary table depicting catchments with highest proportions of total NDVI change (both positive and 
negative). Positive and negative change is said to have occurred when NDVI has changed by more than 0.2 from the 
initial state. 
Highest NDVI Change Total NDVI Change (%) Lowest NDVI Change Total NDVI Change (%) 
1. Pambula River 29.7 1. Bermagui River 1.7 
2. Evans River 23.9 2. Murrah River 4.8 
3. Hastings River 16.7 3. Minnamurra River 6.13 
4. Myall River 16.7 4. Clarence River 6.27 
5. Tomaga River 14.27 5. Wonboyn River 6.51 
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Table 15: Summary table depicting trunk channels with highest proportions of total NDVI change (both positive and 
negative). Positive and negative change is said to have occurred when NDVI has changed by more than 0.2 from the 
initial state. 
Highest NDVI Change Total NDVI Change (%) Lowest NDVI Change Total NDVI Change (%) 
1. Hunter River 23.8 1. Clarence River 7 
2. Bega River 23.2 2. Richmond River 10.2 
3. Moruya River 22.1 3. Georges River 11.2 
4. Shoalhaven River 21.8 4. Tweed River 11.2 
5. Tuross River 21 5. Bellinger River 11.8 
 
5.3 Positive NDVI Change 
For the purpose of this study, positive change in NDVI between the two time periods was 
deemed to be significant when it increased by more than the threshold of 0.2. Positive 
change across the study area was found to have occurred in  8.6 ± 5.3% of all pixels, 
representing 1396 km of river channel, or 208km2 along eastern NSW. On the whole 
catchment scale there was fairly significant variation in levels of positive change within the 
study area, as exhibited with the Pambula and Bermagui Rivers (Figure 14 & Figure 15) with 
29.19% and 0.67% of their lengths being classified as positive change respectively. As the 
figures below show, this length of the Pambula River shows sections of extensive positive 
change, compared to the Bermagui River, which has very little significant NDVI change along 
its length.  
 
 
 
 
Figure 14:  Image depicting NDVI change along the Pambula River. Positive or negative change is said to 
have occurred where NDVI has increased or decreased by more than 0.2 between the two time periods 
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These two catchments are relatively small compared to others along eastern NSW, with the 
Pambula River measuring 22km, and the Bermagui River measuring 29km (catchment areas 
of 2.7km2 and 3.1km2 respectively). The amount of change occurring along their length is 
amplified when looked at as a proportion and as a general rule, the amount of significant 
positive change occurring in a particular catchment became more closely aligned to the 
mean as the size of the catchment increased. The largest catchments in the study area 
(those with a length greater than 1000km) were mostly within 2% either side of the mean.  
5.3.1 Trunk Channels 
The delineation of the individual trunk channels for all the rivers in the study area enabled 
more detailed analysis of the ‘major’ rivers of eastern NSW and a greater understanding of 
where and to what extent significant NDVI change has occurred. As an overall comparison, 
the trunk channels showed greater levels of significant positive and negative change 
compared to the results obtained when analysing the entire length of the catchments.  
Significant positive NDVI change was observed to have occurred in, on average, 12.39 ± 4.9 %  of 
pixels along the trunk channels of the study, almost 4% higher than the number of pixels 
classified in the same manner for the length of the whole catchments. This represented 395 
km of the 3010 km total length of trunk channels. The Tuross River trunk channel (Figure 16) 
on NSW’s south coast has the highest proportion of positively classified pixels at 20% along 
its 95km length, while the lowest proportion of positive pixels occurs along the Clarence 
River trunk channel (Figure 17) at 5% along its 361km length. 
Figure 15: Image depicting NDVI change along the Bermagui River. Positive or negative change is said to have 
occurred where NDVI has increased or decreased by more than 0.2 between the two time periods 
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Figure 16: Image depicting NDVI change along the Tuross River trunk channel. Positive or negative 
change is said to have occurred where NDVI has increased or decreased by more than 0.2 between 
the two time periods. 
Figure 17: Image depicting NDVI change along the Clarence River trunk channel. Positive or negative 
change is said to have occurred where NDVI has increased or decreased by more than 0.2 between the 
two time periods. 
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5.3.2 Tributaries 
By separating the trunk channels and their associated tributaries from each other, a greater 
insight could be gained ascertaining to location and magnitude of NDVI change occurring in 
the study area. Human settlement and activity is typically concentrated along the trunk 
channels of major rivers, leading to great changes in vegetation extent. This is reflected in 
the results, with the proportion of NDVI change occurring along the tributaries being 
significantly lower when compared to the change occurring along the trunk channels. Owing 
to the significant lengths of the tributary networks for many of the major rivers, there is still 
quite high levels of positive NDVI change occurring along their lengths despite the low 
overall proportional values. Positive NDVI change detected along the tributaries of eastern 
NSW represents 858km overall, with total tributary length being 16,211km. 
The tributaries of the Hastings River displayed the greatest proportion of positive NDVI 
change along their length, shown in Figure 18, with 12.9% of pixels in the tributary extent 
being classified in that manner.  
 
 
 
 
 
 
 
 
 
Figure 18: Image depicting NDVI change along the Hastings River tributaries. Positive or negative change is said 
to have occurred where NDVI has increased or decreased by more than 0.2 between the two time periods. 
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5.3.3 Land Use and Areas of Positive NDVI Change 
The aim of intersecting the results of the image differencing calculation with land use data 
was to provide greater insight into the kinds of areas where change was occurring. With 9% 
of the study area experiencing positive NDVI change above the 0.2 NDVI threshold between 
the two time periods of the study, it was necessary to determine how it related to adjacent 
land use. The study looked at the 50m zone from each river bank. On closer examination it 
was found that the largest proportion of significant positive NDVI change occurred 
within/along the land use defined as ‘river channel’ which is the margins and river-channel 
itself. The potential reasons for this are discussed in Section 5.3.4, but it should be noted 
now that the ‘river channel’ land use classification covers the greatest proportion of the 
study area and thus results are slightly skewed towards them.  
Out of the areas designated as having experience positive change (e.g. 8.3 % of the study 
area) half of this occurred in the land use category ‘river channel’ whilst a quarter of the 
total positive change occurred in areas adjacent to agricultural land use. On average across 
the study area, 4.5% of pixels were classified as having had significant positive change occur 
while being within a river channel. To provide an example of where this has occurred, Figure 
19 shows the stretch of the Shoalhaven River below Tallowa Dam, where the channel shows 
significant positive change. 
 
 
 
 
 
 
 
 
Figure 19: Image depicting NDVI change below Tallowa Dam on the Shoalhaven River. Positive or negative change is said 
to have occurred where NDVI has increased or decreased by more than 0.2 between the two time periods. 
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The results obtained when intersecting NDVI change with land use type in the adjacent 50m 
buffer quite closely follow those from the previous section looking at just NDVI change, in 
that the rivers with the highest rates of change in each land use category are those with the 
highest rates of NDVI change across the study area. Much of eastern NSW has been 
extensively cleared for agriculture, particularly for grazing purposes and this is reflected in 
the proportion of agricultural land represented in the positive change results (Figure 20). 
Appendix 3.5  contains data regarding positive change proportions per land use type for all 
catchments in the study area. 
The Pambula River has the highest proportion of positive change in the land use types classified as 
being within a river channel, as agricultural land and also as a vegetated area. The area of the 
Pambula River catchment that was studied however, at 2.71km2 is the second smallest for the study 
area and the results are somewhat amplified due to this. As noted before, in general, higher 
proportions of positive change are found in catchments with a lesser area.  
 
 
Figure 20: Chart depicting the proportion of positive change in the study area split into the different land use types 
found in eastern NSW. Positive change is said to have occurred when the NDVI has increased by more than 0.2 between 
the two time periods. Derived from Appendix 3.5 
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Table 16 lists the five rivers with the greatest significant positive NDVI change for the land 
use types. The Heavy Industry and Other classifications are not included as the results 
obtained for those categories are relatively insignificant. 
Table 16: The top five rivers for each land use type ranked according to their proportion of significant positive change. 
Positive change is said to have occurred when the NDVI has increased by more than 0.2 between the two time periods. 
River Channel Agriculture Conservation Vegetation Urban 
1. Pambula River 1. Pambula River 1. Evans River 1. Pambula River 1. Georges River 
2. Moruya River 2. Camden Haven 
River 
2. Shoalhaven 
River 
2. Evans River 2. Brunswick 
River 
3. Evans River 3. Hastings River 3. Moruya River 3. Tomaga River 3. Tomaga River 
4. Hastings River 4. Manning River 4. Myall River 4. Towamba 
River 
4. Tweed River 
5. Myall River 5. Brunswick River 5. Towamba River 5. Hastings River 5. Richmond 
River 
 
5.3.4 Significant Positive NDVI Change Occurring In-Channel and Adjacent Land Use Types 
As mentioned, significant positive NDVI change has been observed to occur most commonly 
within the river channels themselves, and further analysis enabled the determination of the 
type of land use within the buffer adjacent to where the positive change was occurring. This 
was done in order to see how whether the land use types in the adjacent buffers could have 
potentially influenced the in-channel change. Figure 21 depicts the results of this further 
analysis, showing the proportionate amount of each land use that was found to be adjacent 
to positive in-channel change. 
The results of this analysis are useful in giving a greater insight into the effect that the land 
use adjacent to rivers is having on vegetation re-growth within the confines of the ‘river 
channel’ polygon. It is likely that some in-channel vegetation change can be attributed 
directly to changes in climate and streamflow, but it is reasonable to expect that land use 
would also exert a degree of influence on vegetation change in the channels of the study 
area. 
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Agricultural land made up the greatest proportion of land adjacent to areas within river 
channels that were detected to have an increase in NDVI greater than 0.2. Agricultural land 
represented an average of 46% of the adjacent land area to these sections of river. The very 
high standard deviation of 25 between the values indicates the highly variable nature of 
these results, most likely depending on the degree of agricultural productivity along a 
particular river catchment. 
The Manning River, a section of which is shown in Figure 22, had the greatest proportion of 
its positive in-channel pixels running adjacent to agricultural land, with 83% of the 
boundaries being between these two land use types. To use the Manning River as an 
example, 5.4% of pixels in that study area were both within the river channel, and had 
recorded an NDVI change greater than 0.2 between the two time periods of the study. 
Knowing that 83% of these pixels were found to be running adjacent to agricultural land, it 
could be said that in reality, 4.5% of these pixels (within the river channel, and positively 
changed) in-channel have been classified in that manner due to the influence of the 
adjacent agricultural land.  
The results from this particular set of calculations assist in giving a better idea of the nature 
of NDVI change occurring along rivers on the eastern coast of NSW. As rivers comprise the 
greatest proportion of the study area, dividing the results further enables more accurate 
analysis of the results and normalises the results further to be less influenced by catchment 
 : Chart depicting proportion of land use types adjacent to areas of positive change within the river channels of the 
study area. Positive change is said to have occurred when the NDVI has increased by more than 0.2 between the 
two time periods. See Appendix 3.8 for data for all catchments 
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length or area. The table below has a more even distribution of catchment sizes in contrast 
to what was seen in the other sets of results, when typically smaller rivers and catchments 
displayed higher levels of NDVI change in their land use categories compared to larger rivers 
and catchments. 
 
 
 
 
 
Table 17 below ranks the top five rivers that had the greatest proportion of a particular land 
use type adjacent to areas of positive change that had occurred within the river channel. For 
example, the greatest proportion of in-channel positive change occurring in Conservation 
areas occurred along the Shoalhaven River. The Heavy Industry and Other classifications are 
not included as the results obtained for those categories are relatively insignificant. 
 
 
 
Figure 21: A section of the Manning River depicting in channel change with adjacent land use types. Land use along this 
section of the river is predominantly agricultural. Positive or negative change is said to have occurred when the NDVI has 
increased or decreased by more than 0.2 from the initial state. 
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Table 17: The top five rivers ranked according to the proportion of land use type along their reaches that was adjacent to 
areas of positive in-channel NDVI change. Positive NDVI change is said to have occurred when the NDVI has increased by 
more than 0.2 between the two time periods. 
Agriculture Conservation Vegetation Urban 
1. Manning River 1. Shoalhaven River  1. Wonboyn River  1. Georges River  
2. Camden Haven River 2. Bermagui River  2. Minnamurra River  2. Brunswick River  
3. Bega River 3. Myall River  3. Evans River  3. Tomaga River  
4. Hunter River 4. Moruya River  4. Pambula River  4. Tweed River 
5. Nambucca River 5. Tuross River  5. Tomaga River  5. Bermagui River  
 
5.4 Negative NDVI Change 
Negative NDVI change, that is,  a decrease by more than the threshold of 0.2 between the two time 
periods, occurred on a fairly small scale across the study area. On average, 2.5±1.9% of pixels in the 
full extent of the study area were classified as exhibiting negative change, with the lower standard 
deviation indicating that negative change was fairly uniform across the different catchments. In all 
catchments except three, the proportion of pixels classified as negative change was lower than those 
classified as positive change. These three catchments were three of the smallest in the study area 
with the Bermagui River at 29km, the Minnamurra River at 24km and the Wonboyn River at 7km, 
and as described with positive change, the actual level of change occurring may be minimal but is 
amplified when looked at proportionately due to the small size of the catchment. The areas of 
significant positive and negative change occurring in these three catchments was also very low 
compared to the areas that were classified as having had no significant change occur. 
Significant negative change was mostly concentrated in and around larger water bodies in the study 
area such as the mouths of rivers or wider portions further inland. It is unclear whether it represents 
actual significant NDVI change in these areas or represents an error in the analytical approach. 
Figure 23 shows the change occurring along the Evans River, which had the highest proportion of 
pixels classified as having had significant negative NDVI change occur. Due to small scale of this 
image, the no change data has been omitted to better display the areas of positive and negative 
change. 
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Significant negative NDVI change was observed to have occurred in, on average, 4±2.5%  of 
pixels along the trunk channels of the study area. This is slightly higher again than the 
proportion of pixels classified in the same manner when the whole catchment lengths were 
assessed. The Nambucca River trunk channel has the highest proportion of negatively 
classified pixels at 11% along its 100km length. As Figure 24 shows, this is mostly 
concentrated near the mouth of the river, and this is the case for most other rivers in the 
study area.  
The lowest proportion of negatively classified pixels occurs along the Georges River trunk 
channel at 0.7% along its 81km length. Where the significant NDVI change wasn’t 
concentrated near the mouths of the rivers, it was displayed as quite spaced out, isolated 
sections along the river network and thus is hard to depict easily within a figure. 
 
 
Figure 22:  Image depicting NDVI change along the Evans River. Positive or negative change is said 
to have occurred where NDVI has increased or decreased by more than 0.2 between the two time 
periods. 
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As was found when studying NDVI change across the study area, significant negative NDVI 
change represents the smallest portion of change in the study. These values decrease even 
further when divided into the separate land use categories. Standard deviation, as found 
with other negative change results, is uniformly low across all categories, indicating that 
change itself has occurred at a low level, and is also fairly constant across the study area. 
Figure 23: Image depicting NDVI change along the Nambucca River. Positive or negative change is said to 
have occurred where NDVI has increased or decreased by more than 0.2 between the two time periods. 
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The results for significant negative NDVI (Figure 25) change follow on from the other land 
use values, with in-channel change found to be the highest. The average proportion of pixels 
classified as negative change occurring in a river channel is 2%, with the next highest being 
agricultural areas at 0.2%. Areas classified as being part of a river channel are generally an 
order of magnitude higher than the other categories. 
Table 18 below lists the five rivers with the greatest proportion of the area classified as 
having had significant negative NDVI change for the land use types. The Heavy Industry and 
Other classifications are not included as the results obtained for those categories are 
relatively insignificant. 
Table 18: The top five rivers for each land use type ranked according to their proportion of significant negative change. 
Negative change is said to have occurred when the NDVI has increased by more than 0.2 between the two time periods. 
River Channel Agriculture Conservation Vegetation Urban 
1. Evans River 1. Hunter River 1. Evans River 1. Wonboyn 
River 
1. Tomaga River 
2. Tomaga River 2. Towamba River 2. Brunswick 
River 
2. Myall River 2. Hawkesbury 
River 
3. Myall River 3. Bega River 3. Clyde River 3. Tomaga River 3. Georges River 
4. Minnamurra 
River 
4. Pambula River 4. Myall River 4. Clyde River 4. Brunswick River 
5. Nambucca River 5. Hawkesbury 
River 
5. Towamba 
River 
5. Karuah River 5. Tweed River 
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Figure 24: Chart depicting the proportion of negative change in the study area split into the different land use types 
found in eastern NSW. Negative change is said to have occurred when the NDVI has increased by more than 0.2 between 
the two time periods. See Appendix 3.7 for the data from which this was derived. 
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5.5 Non-Significant NDVI Change 
The majority of the study area did not exceed the 0.2 NDVI threshold between the 1987-
1991 averaged period, and the 2009-2015 period. This was not an unexpected result, as the 
reason for implementing the threshold was to highlight only areas which had undergone 
significant change within the study period.  
The focus of this project was to assess vegetation change in the easterly flowing rivers of 
NSW. Summary statistics for no-change data can be seen in Figure 12, with the other results 
and descriptions for no change areas located in Appendix 3.6. 
5.6 Key Findings 
The purpose of this study was to assess the trajectory of change in riparian vegetation 
across eastern NSW over time. Between the two decades of analysis the overall trend in 
relation to riparian vegetation change was that the majority catchment areas did not exhibit 
change greater than 0.2 NDVI along most of their reaches, but where the change did exceed 
the threshold, it was most commonly positive. Greater proportions of significant change 
occurred along the trunk channels of the rivers compared to the tributaries, though due to 
the much greater overall lengths of the tributaries they contributed significantly to the 
results. The distribution of areas of positive change along the channels in individual 
catchments was fairly even, while areas of negative change were most commonly 
concentrated near the coast at the mouths of the rivers. 
Intersection of the change detection results with the land use classification in the 50 m 
buffer revealed that the greatest levels of significant change occurred within the channels of 
the rivers followed by land used for agricultural purposes. Further analysis of the positive 
NDVI change observed in the river channels of the study area revealed that 80 % of the 
pixels in the river channels that were classified as having had positive change occur were 
adjacent to agricultural land. This suggests that the land use type alongside the rivers in 
eastern NSW exerts a high degree of influence on the level and extent of the change 
occurring within them. The implications of these results and a discussion on the potential 
drivers are examined in the following chapter. 
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Chapter 6. Discussion 
Three different analyses were undertaken in this project. The first applied an image 
differencing calculation to NDVI images of eastern NSW’s river systems from 1987-1991 
(averaged) and 2009-2015 (averaged). This analysis was then separated into trunk channels 
and tributaries. The second analysis involved the interpretation of these results through the 
lense of the land use type in the buffer either side of the river. The third analysis looked at 
the location of positive in-channel change and the extent to which it bordered certain land 
use types. The following sections outline potential limitations of the data and possible 
implications for the observed changes. This chapter will seek to address the significant 
positive NDVI change that occurred in the coastally draining catchments of NSW. In line with 
the aims of the project, the non-significant change (that which did not increase or decrease 
by 0.2 NDVI) will not be addressed in this chapter. Negative change occurred at a much 
lower level than positive change overall, and due to the fact that much of the negative 
change was observed in open, tidally influenced stretches of water, it is not clear if it 
properly represents vegetation change. Thus the focus of this chapter will be the significant 
positive NDVI change that occurred between the two time periods. 
6.1 Vegetation Change Detection 
The aims of conducting this change detection study were to quantify the changes in 
vegetation extent occurring along the rivers in the study area through time. The 1987-1991 
NDVI dataset was used as the initial base line state from which variations were assessed. 
The outcome of the image differencing calculation would then show the locations along the 
river networks where change may have occurred over a period of ~ 2 decades 
The NSW rivers and estuaries river polygon used to define the spatial extent of the river 
networks in the study, selected due to its closer alignment with the banks and general 
morphology of the rivers, sometimes failed to show the correct outline along certain 
reaches. At a scale where 20,000 km of river channel have been assessed across the eastern 
seaboard small irregularities in exact channel position are unlikely to skew the results too 
significantly, and due to the use of the 50m buffer on either side of the river, it is anticipated 
that the impact was minimised. Of more concern however were the many polygons 
 
 62 
representing tributaries of larger channels which were disconnected from the rest of the 
network, or appeared to be unrelated, and thus needed to be deleted prior to analysis.  
Along the agricultural reaches of the study area, there were instances where the fixed 50m 
buffer either lay directly over productive agricultural land, or captured land beyond the 
fenced riparian area and into the adjoining paddock. The 5 year averages of the initial and 
final time periods were used to minimise the effect of seasonal variation in phenology in the 
results, however irrigation of agricultural areas is more dependent on inter-annual rainfall. 
This could have the effect of exaggerating the results, particularly in low flow years where 
the agricultural areas are more likely to be irrigated, thus displaying a higher than average 
NDVI, while the non-irrigated vegetation in the riparian corridor could be expected to 
display an average to below average NDVI. 
While similar studies alternated their buffer widths according to the Strahler stream order 
classification (an increasing buffer with increasing stream order) (Yang 2007, NSW Office of 
Water 2010), the nature of the river network used for this study didn’t enable this process 
and thus a fixed 50 m buffer was implemented for the entire extent of the study area. This 
buffer captured significant NDVI change in eastern NSW, however because it had a non-
variable width, results for some areas may be over or under captured. In the upper reaches 
of rivers and tributaries their associated riparian corridors are narrower, so the buffer may 
capture vegetation or adjacent agricultural paddocks beyond the intended extent. Along the 
lower reaches, where the rivers are broader, and riverside vegetation is denser and more 
extensive, there may have been cases where the buffer did not fully capture vegetation 
changes over the last two decades. 
The solution to both the impact of seasonal irrigation on results, and the under or over 
capturing of particular areas could be to manually draw the buffer according to a visual 
inspection of the boundaries of the riparian zones. For individual catchments or a much 
more intensive analysis this is a plausible method, however due to the spatial extent of this 
study, as well as time constraints, it was not viable. 
The 30m spatial resolution of the Landsat imagery meant classification of the imagery prior 
to change detection was likely to be fairly inaccurate due to the 30m x 30m pixel picking up 
multiple vegetation types, land use types and water within a single pixels area. Pixels where 
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this occurs are known as mixed pixels, and as Yang (2007) found, makes Landsat imagery 
unsuitable for riparian vegetation classification. Due to the spatial extent of this study, the 
use of digital aerial photography or higher resolution satellite imagery would have been too 
labour intensive and too expensive. The simpler and more straightforward method of image 
differencing provided a good indication of locations where change was occurring, and with 
the addition of the threshold, the extent to which significant change had happened.  Digital 
aerial photography or higher resolution satellite imagery could potentially be used on 
specific areas from this study and warrants further investigation. 
The Normalised Difference Vegetation Index (NDVI) is a proven and frequently used tool in 
remotely sensed studies of vegetation (Barbosa et al. 2006, Forkel et al. 2006, Fu et al. 
2015). Using NDVI imagery in conjunction with an image differencing calculation was useful 
in indicating areas of definite vegetation change. The data available from the Landsat 
satellites is useful for long term vegetation change detection, as it has an archive of imagery 
dating back 40 years, and the broad spectral resolution across the sensors enables the 
implementation of vegetation indices. The 16 day return period gives a good likelihood of 
finding cloud free imagery. Future studies would benefit though from the use of imagery 
with higher spatial resolution in order to be able to classify the types of vegetation that are 
populating the riparian corridors in positive change areas.  
A finding that led to the further analysis of positive in-channel change was the detection of 
significant NDVI change occurring within the boundaries of the rivers, at times in large open 
channels (e.g. predicted NDVI change in areas of open water). Where this occurred in the 
upstream reaches of rivers moving through agricultural areas this was deemed to be 
acceptable or a plausible vegetative response. Due to the history of land clearing in these 
areas, significant headward erosion has taken place (Brierley et al. 1999) and thus the 
increased sediment supply to the rivers since European settlement has resulted in the 
formation of extensive sand bars (Brooks and Brierley 1997, Brierley et al. 1999, Erskine et 
al. 2012) which in many cases have become revegetated. This was well displayed in the Bega 
and Hunter Rivers, and the results of the study show significant areas of positive NDVI 
change along areas with coarse bed load and significant bars on the bends of the river. 
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While in-channel change was to be expected to some degree in these locations, it is also 
seen downstream in the tidal reaches of rivers, where the rivers are too wide and deep for 
exposed sand bars to show and thus cannot be attributed to vegetation change. Although 
water and vegetation have distinct spectral differences, and are easily discerned between 
when an NDVI is applied, it is not clear what the observed significant NDVI change that 
occurs in deep water could represent, other than that it is an error.  The use of a water mask 
is mooted in other studies (Yang 2007), however it is less practical on a study of this extent 
as the value of the mask would likely need to be different depending on the location of the 
particular river, the depth and the sediment load. Riparian vegetation also often grows to 
the edge of the water, and often overhangs the water surface, thus there is a risk some 
riparian vegetation could be removed as a result of the application of a water mask. A 
possible solution for use in further studies would be to remove the river areas from the map 
where the reach is tidally influenced. Typically the lower, tidally influenced reaches of a 
particular river are more expansive and vegetation growth within the channel is unlikely. 
Upstream of these areas, where the river is dominated by fluvial activity, bars are more 
likely to form, and thus the occurrence of vegetation growth in the channel of rivers in these 
locations could reasonably be expected. 
Ground truth analysis of vegetation change data is an important step in ensuring that the 
results detected, using the remotely sensed data, match what has actually occurred (USGS 
2005, Yang 2007, Doody et al. 2014). The spatial extent of the study area severely limits the 
ability to obtain ground truth data and so makes accuracy assessment difficult. In a project 
mapping riparian vegetation canopy area, Doody et al. (2014) used aerial photography with 
a high spatial resolution to ground truth study areas that could not be reached. This method 
may also be applied to this study, and sample sites were selected in the Wilson and 
Kangaroo Rivers to compare the results found from the image differencing analysis, to what 
can be observed in historical aerial photography. 
A threshold of some type is required when conducting image-differencing calculations for 
vegetation change detection (Sohl, 1999). The threshold applied to the results of the image 
differencing in this project was ± 0.2 NDVI to reduce the influence of non-significant change 
which could be hard to attribute to any one source, and to reduce the impact of mixed 
pixels that would inevitably arise due to the 30m spatial resolution of the Landsat data.  
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Sohl (1999) used a threshold of two standard deviations from the mean of their differencing 
results. Were a similar study to be conducted in the future, a sensitivity analysis looking at 
the impact of different NDVI thresholds would be useful, in order to obtain the highest level 
of accuracy in vegetation change detection and thus the most useful data. 
Table 19 shows the results of a comparison of different threshold values on the output of 
the image differencing calculation, with the thresholds calculated using standard deviations 
from the mean having lower proportions of significant NDVI change. A visual inspection of 
the results showed that although the proportions vary quite a lot, significant NDVI change 
occurs in the same locations for all thresholds. The mean of the results prior to the addition 
of a threshold was 0.05. This is indicative of the large amount of the study area being water, 
which absorbs near-infrared radiation strongly and thus results in a low NDVI. The standard 
deviation was 0.11. 
Table 19: Comparison of different NDVI Thresholds across the full extent of the study area. 
 0.2 NDVI  
(used in study) 
0.1 NDVI 1 Std Dev. from 
Mean 
2 Std Dev. From 
Mean 
Positive Change 
(%) 
6.8 28.9 11.8 2.6 
No Change (%) 91.3 62.4 74.3 94.7 
Negative Change 
(%) 
1.9 8.7 13.9 2.7 
 
The time required to conduct the analysis on the two time periods used in this study (1987-
1991 and 2009-2015) was quite extensive, meaning for this study only the initial and final 
state images could be compared. The inclusion of the interim time periods would provide a 
more detailed set of results that indicate the magnitude and rate of change occurring in 
different sections of the study area. It would also have the additional benefit of mediating 
any variations that may occur due to climatic fluctuations. The Millennium drought, a 
significant long-term period of rainfall deficiency, impacted much of NSW from the late 
1990’s into the early 2000’s. The 2010-11 La Niña event that followed the end of the 
drought was classified as one of the strongest on record (BOM 2016). 
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 A La Niña event typically leads to higher than average rainfall along the eastern coast of 
Australia, and the strength of this event lead to significant climatic and rainfall events: 
• 2010 and 2011 were respectively the third and second highest calendar years on 
record. 
• 2011 was Australia’s coldest year in a decade. 
• April 2010 to March 2012 was Australia’s wettest two year period on record. 
• Widespread flooding occurred in many parts of Australia as a result of the record 
rainfalls. The damaging floods that occurred in Brisbane being the largest. (BOM 
2016) 
Such significant climatic variations during the study period are certain to have a major 
impact on vegetation growth as a whole, and also seasonal phenology due to rainfall 
variations. Due to the initial and final state images being composed of 5 year means, the 
impact of the climatic and phenological variations would have been largely reduced, 
however the implementation and analysis of more NDVI data during the study period would 
certainly contribute to the robustness of the study, and the validity of the results.  
The major limitations in this study stemmed from the significant spatial extent of the study 
area. The acquisition and processing of the data that covered the extent of the study area, 
as well as provided adequate temporal coverage limited the degree to which other avenues 
of analysis could be investigated.  
6.2 NDVI Change in Eastern NSW from 1987 to 2015 
The historical clearing of riparian vegetation in eastern NSW has been well documented 
(Braithwaite 1996, Bradshaw 2012) and although broad scale clearing ceased in the early to 
mid-1900’s, it wasn’t until the latter stages of the 20th century that legislation was 
introduced that aimed to protect and rehabilitate riparian vegetation owing to its significant 
role in ecosystem health (Land & Water Australia 2002). The protection and rehabilitation of 
riparian vegetation is now advocated by government bodies such as the DPI, and enacted 
via environmental groups such as Landcare, as well as through landholder education (DPI 
2005). The potential drivers of riparian vegetation change are discussed later in the chapter. 
With the aim of assessing the trajectory of change of riparian vegetation in eastern NSW 
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catchments, the results of the image differencing calculations delineate on a state-wide 
scale, the extent of significant NDVI change occurring in easterly draining catchments. The 
addition of the 0.2 NDVI threshold to the output of the calculation was an essential step in 
order to classify significant and non-significant change. As was indicated in Table 1, 
manipulation of the threshold does yield different change outcomes, however, under 
investigation, the locations where significant change has occurred over the last two decades 
remains the same for all thresholds.  
The Normalised Difference Vegetation Index (NDVI) is well correlated with vegetation 
productivity, as well as green leaf biomass and photosynthetic activity (Barbosa et al. 2006, 
de Jong et al. 2011). NDVI values are influenced by the fractional groundcover of vegetation, 
and greenness of the plant canopy, giving an overall indication of vegetation density (BOM 
2015). The significant NDVI changes detected in this study can thus be attributed to an 
increase (positive change) or a decrease (negative change) in overall density and extent of 
vegetation in a specific area Table 20 provides a summary of the proportions of NDVI 
change presented in the results, represented as an area. 
Table 20: NDVI Change in easterly flowing catchments in NSW, Positive and Negative NDVI change is that which occurs 
above 0.2 NDVI from the initial state 
Change Classification Area (km2) 
Positive Change 207.6 
No Change 2707 
Negative Change 58.4 
Total 2973 
 
Over two hundred square kilometres of riparian corridor assessed in this study, was 
classified as having had significant positive NDVI change occur during the study period. From 
the initial 1987-1991 averaged period, approximately 7% of land within the riparian 
corridors of the study area has displayed significant NDVI increase. Positive NDVI change 
greater than the 0.2 threshold points to greater vegetation density and an increase in 
fractional vegetation groundcover in riparian areas, assumed to reflect the growth of woody 
vegetation such as Casuarina cunnighamiana or Salix sp. 
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To test the results obtained from this study, historical aerial photography of rivers within 
the study area were obtained and compared with the results from the image differencing 
calculation. Figure 26 shows a series of bends on the Wilson River, a tributary of the 
Hastings River. In panel A, taken in 1989, a series of relatively bare gravel bars can be seen 
on most of the bends. In panel B, taken in 2003, much of the bare area has been colonised 
by riparian vegetation, including early successional species such as Casuarina 
cunnighamiana (Cohen and Telfer 2006). Panel C shows the 2003 image overlain with the 
output of the NDVI image differencing calculation, which reflects the increase in vegetation 
that can be observed with the naked eye. Figure 27 displays much the same phenomenon, 
this time using imagery of the Kangaroo River obtained in 1974 and 1993. 
 
 
 
Figure 25: Historical aerial photography of Wilson River, a tributary of the Hastings River. Flow is north to south, towards the 
bottom of the page. Panel A: 1989, Panel B: 2003, Panel C: 2003 image overlain with NDVI change results 
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Figure 26: Historical aerial photography of Kangaroo River, a tributary of the Shoalhaven River. Flow is 
west to east, towards the left of the page. Panel A: 1974. Panel B: 1993, Panel C: 1993 image overlain with 
NDVI change results 
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Greater levels of riparian vegetation are known to have significant benefits for both in-
channel and floodplain environments. Well vegetated riparian corridors act as a filter for 
land runoff, a control on channel erosion and morphology, as well as an important habitat 
for many plant and animal species (Land & Water Australia 2002). The results of this study 
indicate that for the duration of the study period, significant NDVI change is dominantly 
positive in riparian corridors. Significant negative NDVI change is more isolated, and typically 
occurs in small localised areas, or in-channel at the mouth of the major rivers at the coast. 
As described previously in section 6.1, a water mask, or a reconsideration of where in-
channel change should be measured could be useful in determining sources of error (Yang 
2007). The south-eastern portion of NSW, as well as much of Australia has been observed to 
have a long-term greening trend, reported as an increase in biomass (Liu et al. 2015). The 
greening trend observed by Liu et al. (2015) was observed through measurements taken 
between 1993 and 2012, similar to the time period for this study. This change is 
concentrated largely along the northerly regions of the east coast, where annual rainfall is 
increasing. Riparian vegetation has been observed to respond strongly to increases in 
moisture through both flood and rainfall events (Parsons and Thoms 2013, Flessa et al. 
2013, Doody et al. 2014), in part due to its proximity to the increased water supply. Coupled 
with fairly steady rates of land clearance (no significant increase) (Office of Environment and 
Heritage 2011), protection for riparian land as a result of introduced legislation, and 
schemes to rehabilitate riverside vegetation, the results of this study support other 
observations. 
6.3 Drivers of riparian vegetation change 
The attribution of the causes and effects of trends in vegetation change is difficult, as 
climatic cycles and variations, as well as land management practices influence the extent 
and productivity of vegetation (de Jong et al. 2012). For a study such as this with a large 
spatial extent with quite variable geography and climate, a number of factors, both natural 
and anthropogenic will have contributed to the levels of vegetation change. After 
conducting riparian vegetation change detection for eastern NSW, this study aimed to 
investigate the change patterns in regards to the nature of the land use associated with the 
vegetation change, as well as any potentially influential climatic factors. The following 
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sections attempt to provide an insight into what some of the factors may be behind the 
results that were obtained in this study. 
6.3.2 Land Use 
The analysis of the type of land use in the 50 m buffer adjacent to the rivers was necessary 
in order to develop a clearer insight into what was driving vegetation change in the study 
area. The dominant land use type for all NDVI change was that occurring within the bounds 
of the ‘river channel’ delineated by the River & Drainage Network polygon. In addition to 
the previous points, much of the river channel polygon lies adjacent to agricultural land, 
conservational land or land already vegetated at the time of mapping (BOM 2012) and 
would thus strongly reflect the changes occurring in those land use types.  
As shown in Figure 20 agricultural land had the next most significant levels of NDVI change 
across the study area, with the results indicating that approximately a third of the NDVI 
change was occurring in that specific land use type.  Also worth noting is that 80% of the 
positive change that occurred within the confines of river channels in the study area, 
occurred in areas adjacent to agricultural land suggesting adjacent land use has a 
considerable impact on the extent of positive change recorded. Having been extensively 
cleared following European settlement, agricultural areas in eastern NSW had extensive 
capacity to regenerate with native or exotic species. Revegetation of riparian corridors has 
been highlighted as a priority threat abatement action by the Department of Primary 
Industries (2005), and is one of the most frequently undertaken restoration projects by 
environmental groups such as Landcare.  
The areas of greatest agricultural productivity are typically found beside or in close 
proximity to the larger rivers, so extensive proportions of positive NDVI change along the 
reaches of these rivers is not expected to occur to the same extent due to continued use of 
that land. Smaller river networks are more susceptible and likely to be influenced to a 
greater extent by localised rehabilitative activity and often lie in less agriculturally 
productive areas. 
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Table 21 below provides examples of rehabilitative or restorative activities that have taken 
place along rivers in the study area, sourced from the Office of Environment and Heritage 
Environmental Trust Grant Programs from 2002 – 2011, which provided funding to 
community groups such as Landcare and Bushcare, and local and state governments, 
typically in the form of funding to local councils. Information was also sourced from the 
Department of Primary Industries Landcare Snapshot (2011), which provides details on the 
actions of different Landcare groups in different catchment areas.  
The Pambula River, which showed the highest proportion of positive NDVI change for its 
length received $50,000 of funding in 2011/12 to go towards some of the following: 
• Rehabilitation of 1km of stream bank in a priority conservation area. 
• Revegetation of 1 hectare with native riparian plants 
• Treatment of 0.5km of road to reduce sediment runoff into waterways 
• Support landholders and community groups with increased knowledge and skills 
regarding river rehabilitation. 
Although conservation areas make up a significant portion of land within the study area, 
significant NDVI change along their lengths was not expected to occur to a high degree due 
to the fact that they represented areas that had likely experienced low rates of land 
clearance, and thus are unlikely to show areas of significant vegetation regrowth. 
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Table 21: Examples of riparian rehabilitation and restoration projects undertaken along rivers in eastern NSW. 
Major Catchment Areas Riparian Rehabilitation and Restoration 
Northern Rivers • Riparian restoration on Lower Bungawilbin 
Creek, a tributary of the Richmond River. 
• Rehabilitation of the riparian zone in Upper 
Bellinger River. 
• Riparian restoration on the Richmond River 
at Casino. 
• Fencing 1 kilometre of river bank, removal of 
4 hectares of weeds, and planting of 4000 
native seedlings on Upper Clarence River. 
Hunter/Central Rivers • Wetland rehabilitation and education on the 
Karuah River. 
• Streambed and streambank rehabilitation on 
Lower Muscle Creek, a tributary of the 
Hunter River. 
Hawkesbury/Nepean • Restoration of upper rehabilitation of Upper 
Popran Creek, a tributary of the Hawkesbury 
River. 
• Restoration of riparian corridors on Lower 
Mangrove Creek, a tributary of the 
Hawkesbury River. 
• Restoration on Ropes Creek, a tributary of 
the Hawkesbury River 
Sydney Metro • Regular monitoring and control of Black 
Willow growth, removal and poisoning of 
weeds in the Greater Sydney area. 
Southern Rivers • Demonstrating the remediation of stream 
degradation in the Upper Shoalhaven River. 
• Removal of exotic trees from riparian areas 
in the Wollongong LGA. 
• Engagement with farmers to encourage 
management of cattle along creeks to 
prevent damage and erosion. 
• Control willow infestations along the Bega 
River. 
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6.3.3 Climatic Variation 
There are a number of climatic factors that are likely to have an impact on change in 
riparian vegetation. Riparian vegetation, as with most vegetation types, responds positively 
to increased availability to moisture through increased rainfall and/or increased streamflow 
(Parsons and Thoms 2013, Flessa et al. 2013, Doody et al. 2014). The extent of the study 
area however means variations in rainfall and streamflow patterns won’t be uniform, and 
thus other climatic factors must also exert a degree of influence over riparian vegetation 
change. Some other factors to consider are: 
• Magnitude of floods during the study period. 
• Frequency of floods of higher or lower magnitude during the study period. 
• Increase or reduction in annual stream flow during the study period. 
 
Significant positive NDVI change occurs at different levels across eastern NSW. Table 20 
shows the area of significant positive NDVI change occurring in the major catchments of the 
207 km2 study area. It also displays the area of positive change as a proportion of the total. 
What Table 22 shows is that greatest levels of positive change occurred in the Northern 
Rivers and Hunter/Central Rivers catchments, the two most northerly of the study area. The 
next greatest proportion of overall positive change occurred in the Southern Rivers 
catchment. Figure 28 shows the trend in annual rainfall for NSW between 1970 and 2015, 
showing an increasing trend along areas of the central to northern coast, and a decreasing 
trend for the rest of the study area. 
Table 22: Positive NDVI Change above the 0.2 NDVI threshold in the major catchment areas of eastern NSW 
Major Catchment Area of Positive Vegetation 
Change (km2) 
Proportion of Positive Change 
in study area (%) 
Northern Rivers 87.7 42.2 
Hunter/Central Rivers 59.7 28.7 
Hawkesbury/Nepean 20 9.7 
Sydney Metro 2.6 1.2 
Southern Rivers 37.6 18.1 
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The variation in rainfall and streamflow across the state suggests that the driving factors of 
significant NDVI change are not uniform, and that different factors have a greater influence 
in some areas compared to others. The following section provides a breakdown of climatic 
statistics for each major catchment area during the study period. Where possible, rainfall 
and streamflow data were collected from a similar area. 
6.3.3.1 Northern Rivers 
The Northern Rivers catchment is the one region of the study that shows an increasing trend 
in both annual rainfall and streamflow levels. Streamflow along the Henry River, a tributary 
of the Clarence River, shown in Figure 29, shows no clear trend between the years of 1970 to 
2015. Though the figures show a small increase, this is non-significant and long term values 
are most likely quite similar. The rainfall data displayed in Figure 30 is taken from the 
Ulmarra rainfall gauge, and matches the trend observed in the Streamflow data.  
Figure 27: Trend in total annual rainfall in NSW between 1970 and 2015 (BOM 2016) 
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6.3.3.2 Hunter/Central Rivers 
Climatic data for the Hunter/Central Rivers catchment shows a different trend to that 
observed in the Northern Rivers area. Figure 31 shows streamflow data collected on the 
Goulburn River, a tributary of the Hunter River, between 1950 and 2015. The data shows a 
long-term decreasing trend in annual streamflow, as well as distinct breakpoint in 1978 after 
which median streamflow is statistically significantly lower. Rainfall data collected at Wollar 
is presented in Figure 32 shows a slight decreasing trend over the duration of the study 
period. 
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Figure 28: Annual streamflow data for the Henry River, a tributary of the Clarence River, at Newton Boyd between 
1970 and 2015 (BOM) 
Figure 29: Annual rainfall data for Ulmarra rainfall gauge between 1987 and 2015  (BOM) 
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6.3.3.3 Hawkesbury Nepean 
Climatic data for the Hawkesbury Nepean catchment area displays a similar trend to what 
was observed in the Hunter/Central Rivers area. Streamflow data collected at Kowmung 
River (Figure 33), a tributary of the Hawkesbury Nepean system upstream of Warragamba 
Dam, shows a long-term decreasing trend between 1970 and 2015, as well as a distinct 
breakpoint in 1991 after which the median streamflow is statistically significantly smaller. 
Rainfall data collected at the Wallacia Post Office rainfall gauge (Figure 34) shows a fairly 
uniform to slightly decreasing trend in annual rainfall. 
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Figure 30: Annual streamflow data for the Goulburn River, a tributary of the Hunter River, at Coggan 
between 1950 and 2015 (BOM). 
Figure 31: Annual Rainfall data for Wollar rainfall gauge between 1987 and 2015 (BOM). 
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6.3.3.4 Southern Rivers 
The climatic data for the Southern Rivers catchment area has the most pronounced 
decreasing trend across the eastern NSW study area. Streamflow data collected along the 
Shoalhaven River (Figure 35) shows a fairly rapidly decreasing trend between 1978 and 
2015, as well as breakpoint in 1992 showing median streamflow decreasing by over 600 
Gigalitres from the period before 1992, compared to the period between 1992 and 2015. 
Rainfall data compiled from the Nerriga gauge (Figure 36) shows the greatest decreasing 
trend in rainfall for all major catchments during the study period. 
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Figure 32: Annual streamflow data for the Kowmung River, a tributary of the Hawkesbury-Nepean system, at Cedar ford 
between 1970 and 2015 (BOM). 
Figure 33: Annual rainfall data for the Wallacia PO rainfall gauge between 1987 and 2015 (BOM) 
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6.3.4 Analysis of Climatic Variation 
To summarise the data above, rainfall and streamflow show relatively insignificant trends in 
the northern parts of the study area, while decreasing trends are observed in the other 
catchments, with the magnitude of the trend becoming significantly greater towards the 
south. While these individual gauges may not depict fully what is occurring on a regional 
scale, they do indicate that climatic factors vary across eastern NSW. To reiterate what was 
described in Section 6.3.3, riparian vegetation has been observed to respond positively to 
increases in rainfall and streamflow (Parsons and Thoms 2013, Flessa et al. 2013, Doody et 
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Figure 35: Annual rainfall data at the Nerriga rainfall gauge between 1987 and 2015 (BOM). 
Figure 34: Annual streamflow data for the Shoalhaven River at Fossickers flat between 1978 and 2015 (BOM). 
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al. 2014). Of the major catchment areas that compose the study area, only the Northern 
Rivers region displays any evidence of a slight increasing trend in rainfall and streamflow, 
though over a long time scale this trend is insignificant, though does indicate that the two 
variables have remained fairly uniform over time. Although inter-annual variability in rainfall 
could be expected to lead to significant vegetation growth in the catchments in eastern 
NSW, on the time scale of the study period, the decreasing trend in both rainfall and 
streamflow, particularly in the Southern Rivers catchment means other causes for the 
observed increase in vegetation change need to be considered. 
A decrease in flood frequency and flood magnitude would be expected with a decreasing 
rainfall trend across much of the study area. In both natural (Erskine et al. 2012) and human 
induced (Sankey et al. 2015) situations, decreases in flow regime and frequency of flood 
events enabled colonising plant species to take root on in-channel structures, such as bars, 
to such a degree that they became a permanent in-channel feature. 
European settlement and land clearing of rivers in the study area led to channel widening 
and deposition of sediment in many rivers (Brooks and Brierley 1997, Erskine et al. 2012), 
resulting in the formation of extensive sand bars, built up during high flow periods. A change 
in hydrological regime, from high flow to low flow has been observed to lead to an increase 
in colonising species on in-channel structures, particularly onto bare sand habitat (Erskine et 
al. 2012, Sankey et al. 2015). Vegetation expansion into previously non-vegetated areas is 
dependent on inundation frequency, occurring only during periods of lower flood frequency 
(Sankey et al. 2015). Lower rainfall and reduced streamflow, with a decreasing trend from 
the initial state of the study period may lead to a situation where colonising species can 
successfully take root on bars and in-channel structures during periods of low flow. A long 
term study of Widden Brook in the Hunter region of NSW showed that following 
catastrophic flooding in 1955, and the subsequent lack of floods of a similar magnitude, 
River She-oaks (Casuarina cunninghamania subsp. cunninghamania) and grasses have 
colonised coarse sand bars of the Brook and stabilised these deposits to form benches and 
convex banks (Erskine et al. 2012).  
Tallowa Dam, built downstream of the confluence of the Shoalhaven and Kangaroo Rivers, 
was completed in 1976, leading to a reduction in flow into the lower Shoalhaven River. The 
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image differencing results from the study show the reaches downstream of the dam have 
experienced significant positive NDVI change during the study period, reflecting similar 
findings of Sankey et al. (2015). Following the damming of the Colorado River, their study 
found that the reduction in flooding allowed plants to colonise the deposits on the channel-
margin, as well as the rivers’ sandbars. 
The attribution of the causes and effects of trends in vegetation change is difficult, as 
climatic cycles and variations, as well as land management practices influence the extent 
and productivity of vegetation (de Jong et al. 2012). For eastern NSW, the results of the 
study showed that land management practices in the agricultural portions of the study area 
are likely to be one of the more dominant factors leading to significant change along the 
riparian corridors. The large proportion of change observed within the channels themselves 
indicates that other influencing factors needed to be considered, and long-term climatic 
trends enacted over the study period are likely to be the largest driver of vegetation change 
in those areas. While in the northern areas of the study area slight increases in rainfall and 
streamflow could be regarded as the main driver, catchments to the south show a declining 
trend in those two variables.  
Lower rainfall and lower streamflow in these catchments, in association with more 
infrequent floods, and smaller floods, has likely allowed riparian vegetation to colonise the 
in-channel structures of the rivers, and take root, enabling them to withstand future high 
flow periods and leading to more permanent vegetation coverage. 
6.4 Recommendations 
6.4.1 Change Detection of Riparian Vegetation 
This study has provided a basis to assess the trajectory of change of riparian vegetation for 
the easterly draining catchments of NSW, and a number of suggestions can be made 
regarding future work for studies of a similar manner. With the limitations of the study in 
mind, there is scope for similar work that contributes to, or builds upon what has been 
conducted regarding riparian vegetation change in eastern NSW. Future studies could 
examine alternate methods of vegetation mapping and vegetation change detection. A 
number of studies have utilised higher spatial resolution data to measure and classify 
riparian vegetation, but often only as a representation of a single point in time, or as a way 
 
 82 
to measure change in a small spatial area. Although it could not be used in this study, the 
implementation of higher spatial resolution data across the eastern NSW study area over a 
longer time period would greatly improve the ability to detect vegetation change occurring 
in the narrow riparian corridor, and thus provide additional data regarding the extent to 
which riparian vegetation has changed in recent decades in NSW. Higher spatial resolution 
data would enable researchers to classify the type of vegetation that is increasing, 
decreasing, or not changing, where the data used in this study only enabled a broader look 
at the riparian corridors without specific detail regarding vegetation types. 
6.4.2 Eastern NSW Study Area 
The width of riparian corridors in the study area is highly variable, due to the influence of 
different land management practices across eastern NSW. Agricultural and urban areas 
typically have very narrow vegetated zones, while those found in conservation areas have 
continuous vegetation from the riverbank out onto the floodplain. As a result of the large 
study area, highly accurate riparian zone delineation could not be undertaken. To obtain 
results of greater accuracy, a future study would benefit from manually tracing the extent of 
riparian vegetation along individual rivers using high spatial resolution imagery. This would 
ensure that only the desired area is included in the results.  
Integrating the nature of the land use type in the riparian corridor is a valuable form of 
analysis, providing insight into potential influences on vegetation change. For further 
analysis, it would be useful to separate the river channels from the adjacent buffers in order 
to observe change that could be attributed to climatic influences apart from change that is 
derived from land use change or human activity. 
A more in-depth analysis of climatic patterns in eastern NSW over the last several decades 
would contribute towards a greater understanding of vegetation change patterns as it 
would enable greater confidence in linking any potential trends between the two variables.  
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Chapter 7. Conclusions 
This study aimed to assess the levels of riparian vegetation change within the catchments of 
coastal NSW using vegetation indices derived from satellite remote sensing. Although 
further research regarding the changes to the extent of riparian vegetation is 
recommended, this study provides a sound preliminary assessment regarding the trajectory 
of vegetation change across the easterly draining catchments of NSW, between the 1987-
1991 averaged period and the 2009-2015 averaged period. 
The results of the image differencing change detection method applied to the Landsat NDVI 
imagery from the two time periods successfully depicted areas of significant and non-
significant change in the study area, where significant change was interpreted as vegetation 
growth or decline. Along the rivers of eastern NSW, most areas did not experience a change 
in NDVI greater than 0.2. Where significant change did occur, it occurred largely above the 
0.2 NDVI threshold. The change detection method was useful in not only determining the 
amount of significant change occurring, it also depicted accurately where it was occurring. 
This was verified through comparison with historical aerial photography, where visually 
observable vegetation increases support those found via the study methodology.  
By integrating the changes detected with results with land use data, greater insight was 
gained regarding the spatial distribution of significant NDVI change in eastern NSW. This 
integration of data sets revealed that the largest proportion of significant change was 
occurring in the bounds of the channels themselves. Although it is unclear the extent to 
which all significant NDVI change observed in the river channels can be attributed to 
vegetation change, as remote sensing systems to do sometimes encounter problems when 
observing water bodies, a review of relevant literature in conjunction with cross-referencing 
aerial photography supports the findings of this study. Agricultural areas that buffered the 
riparian zone formed the next greatest proportion of land use in areas showing significant 
NDVI change. Agricultural areas receive the greatest focus from environmental groups as 
historically the riparian zones in those areas were the most seriously degraded following 
European settlement.  
Looking at the results in relation to long-term climatic trends on a state-wide and regional 
scale indicated a potential association between these trends and the nature of vegetation 
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change in rivers in eastern NSW. Most of the significant NDVI change occurred in 
catchments that showed declining rainfall and streamflow trends for the duration of the 
study period. Integration of the results with information from other literature indicated that 
an overall reduction in flow, and decrease in flood magnitude and frequency allows the 
successful colonisation of in-channel structures by pioneer riparian species. Many upper 
reaches of the study area had a coarser bedload and significant in-channel structures as a 
result of morphological changes following broad scale land clearing. These baseline 
conditions could have allowed riparian species to begin in-channel colonisation owing to the 
effects of the long-term climatic trends. 
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Appendices 
Appendix 1 
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A1: Average annual rainfall for selected rainfall gauges in the South East Coast Drainage Division of 
NSW (BOM) 
Appendix 2 
2015: 
Path Row Status Month Scene ID 
89 80 Good September LC80890802015251LGN00 
89 81 Good September LC80890812015251LGN00 
89 82 Good September LC80890822015251LGN00 
89 83 - -  
89 84 - -  
90 81 Some cloud August LC80900812015242LGN00 
90 82 - -  
90 83 Good September LC80900832015258LGN00 
90 84 - -  
90 85 Good October LC80900852015274LGN00 
90 86 Good October LC80900862015274LGN00 
2014: 
Path Row Status Month Scene ID 
89 80 Good October LC80890802014296LGN00 
89 81 Some cloud August LC80890812014216LGN00 
89 82 - -  
89 83 Good August LC80890832014216LGN00 
89 84 Good August LC80890842014216LGN00 
90 81 Good September LC80900812014271LGN00 
90 82 Good September LC80900822014271LGN00 
90 83 Good September LC80900832014271LGN00 
90 84 Good September LC80900842014271LGN00 
90 85 Good September LC80900852014271LGN00 
90 86 Good September LC80900862014271LGN00 
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2013: 
Path Row Status Month Scene ID 
89 80 Good September LC80890802013261LGN00 
89 81 Good September LC80890812013261LGN00 
89 82 Good September LC80890822013261LGN00 
89 83 Good September LC80890832013261LGN00 
89 84 Good August LC80890842013229LGN00 
90 81 Good September LC80900812013268LGN00 
90 82 Good September LC80900822013268LGN00 
90 83 Good September LC80900832013268LGN00 
90 84 Good October LC80900842013284LGN00 
90 85 Good August LC80900852013236LGN00 
90 86 Good August LC80900862013236LGN00 
 
2011: 
Path Row Status Month Scene ID 
89 80 Good September LT50890802011256ASA00 
89 81 Good September LT50890812011256ASA00 
89 82 Good September LT50890822011256ASA00 
89 83 Good September LT50890832011256ASA00 
89 84 Good September LT50890842011256ASA00 
90 81 Good September LT50900812011263ASA00 
90 82 Good September LT50900822011263ASA00 
90 83 Good September LT50900832011263ASA00 
90 84 Good September LT50900842011263ASA00 
90 85 Good September LT50900852011263ASA00 
90 86    
 
2010: 
Path Row Status Month Scene ID 
89 80 Good September LT50890802010253ASA00 
89 81 Good September LT50890812010253ASA00 
89 82 Good September LT50890822010253ASA00 
89 83 Good September LT50890832010253ASA00 
89 84 Good September LT50890842010253ASA00 
90 81 - -  
90 82 Good August LT50900822010228ASA00 
90 83 - -  
90 84 - -  
90 85 Good October LT50900852010292ASA00 
90 86 Good October LT50900862010276ASA00 
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2009: 
Path Row Status Month Scene ID 
89 80 Good September LT50890802009266ASA00 
89 81 Good September LT50890812009266ASA00 
89 82 Some cloud September LT50890822009266ASA00 
89 83 Good September LT50890832009266ASA00 
89 84 Good September LT50890842009266ASA00 
90 81 Good September LT50900812009273ASA00 
90 82 Good September LT50900822009273ASA00 
90 83 - -  
90 84 - -  
90 85 - -  
90 86 - -  
 
1991: 
Path Row Status Month Scene ID 
89 80 Good September LT50890801991249ASA00 
89 81 Good September LT50890811991249ASA00 
89 82 Good September LT50890821991265ASA00 
89 83 Good September LT50890831991265ASA00 
89 84 Good September LT50890841991265ASA00 
90 81 Good September LT50900811991272ASA00 
90 82 Good September LT50900821991272ASA00 
90 83 Good September LT50900831991272ASA00 
90 84 Good September LT50900841991272ASA00 
90 85 Good September LT50900851991272ASA00 
90 86 Good August LT50890861991233ASA00 
 
1990: 
Path Row Status Month Scene ID 
89 80 Good August LT50890801990230ASA00 
89 81 Good August LT50890811990230ASA00 
89 82 Good September LT50890821990246ASA00 
89 83    
89 84    
90 81 Good October LT50900811990301ASA00 
90 82 Good October LT50900821990301ASA00 
90 83 Good October LT50900831990301ASA00 
90 84 Good October LT50900841990301ASA00 
90 85 Good September LT50900851990269ASA00 
90 86 Good September LT50900861990253ASA00 
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1989: 
Path Row Status Month Scene ID 
89 80 Good September LT50890801989259ASA00 
89 81 Good September LT50890811989259ASA00 
89 82 Good October LT50890821989291ASA00 
89 83 Good October LT50890831989291ASA00 
89 84 Good October LT50890841989291ASA00 
90 81 Good September LT50900811989266ASA00 
90 82 Good September LT50900821989266ASA00 
90 83 Good September LT50900831989266ASA00 
90 84 Good September LT50900841989266ASA00 
90 85 Good September  LT50900851989266ASA00 
90 86 Good September LT50900861989266ASA00 
 
1988: 
Path Row Status Month Scene ID 
89 80 Good September LT50890801988273ASA00 
89 81 Good September LT50890811988273ASA00 
89 82 Good September LT50890821988273ASA00 
89 83 Good September LT50890831988273ASA00 
89 84 Good September LT50890841988273ASA00 
90 81 Good October LT50900811988280ASA00 
90 82 Good October LT50900821988280ASA00 
90 83 Good October LT50900831988280ASA00 
90 84 Good October LT50900841988280ASA00 
90 85 - -  
90 86 Good August LT50900861988216ASA00 
 
1987: 
Path Row Status Month Scene ID 
89 80 Good September LT50890801987254ASA00 
89 81 Good September LT50890811987254ASA00 
89 82 - -  
89 83 Some cloud September LT50890831987254ASA00 
89 84 - -  
90 81 Good September LT50900811987261ASA00 
90 82 Good September LT50900821987261ASA00 
90 83 Good September LT50900831987261ASA00 
90 84 Good September LT50900841987261ASA00 
90 85 Good September LT50900851987261ASA00 
90 86 - -  
 
A2: Full list of Landsat Surface Reflectance Product derived NDVI scenes, categorised by year of 
scene capture
 
 99 
Appendix 3 
 
A3.1 Summary table of Catchment lengths, Trunk channels lengths and tributary lengths and their associated NDVI change values for eastern NSW 
River Name Whole Catchments Trunk Channels Tributaries Positive Change (%) No Change (%) Negative Change (%) Positive Change (%) No Change (%) Negative Change (%) Positive Change (%) No Change (%) Negative Change (%)
Bega 315.09 63.26 252.40 10.39 87.32 2.29 18.02 76.85 5.13 6.61 92.51 0.88
Bellinger 229.84 110.60 119.79 7.85 89.64 2.52 8.67 88.16 3.17 6.91 91.31 1.78
Bermagui 29.02 0.67 98.30 1.03
Brunswick 63.78 36.72 27.64 9.94 87.96 2.10 9.62 88.11 2.27 10.38 87.76 1.86
Camden Haven 104.35 40.64 63.71 11.66 87.03 1.30 14.39 83.70 1.91 9.64 89.52 0.85
Clarence 4059.80 361.36 3706.59 4.37 93.73 1.90 5.14 93.02 1.85 4.21 93.88 1.91
Clyde 177.63 56.08 122.73 7.58 88.66 3.76 8.94 85.99 5.07 6.34 91.10 2.56
Evans 21.34 16.50 76.06 7.45
Georges 293.36 81.16 212.44 6.78 92.32 0.89 10.55 88.80 0.65 5.22 93.79 0.99
Hastings 617.87 169.33 451.39 13.29 83.28 3.42 13.98 81.51 4.51 12.93 84.21 2.86
Hawkesbury 2410.26 183.77 2228.00 6.37 91.64 2.00 9.45 86.07 4.47 5.80 92.65 1.55
Hunter 3107.50 356.21 2756.19 6.71 90.69 2.60 19.67 76.17 4.15 4.36 93.32 2.32
Karuah 275.72 7.29 90.01 2.70
Macleay 1546.35 330.08 1218.09 6.75 91.85 1.40 14.73 82.10 3.18 2.85 96.62 0.53
Manning 1352.44 284.29 1070.53 9.83 88.28 1.89 13.88 80.12 6.00 8.20 91.57 0.23
Minnamurra 23.72 1.70 93.87 4.43
Moruya 253.94 24.20 229.93 12.81 86.68 0.51 19.46 77.87 2.68 11.79 88.03 0.18
Murrah 61.62 4.81 95.17 0.03
Myall 125.86 10.69 83.32 6.00
Nambucca 379.28 99.78 280.17 6.17 89.33 4.50 9.25 80.08 10.67 4.75 93.58 1.67
Pambula 21.87 29.19 70.30 0.52
Richmond 1661.56 136.35 1526.87 6.58 92.59 0.84 7.33 89.77 2.90 6.44 93.11 0.45
Shoalhaven 1688.21 354.64 1335.50 8.74 90.46 0.80 20.05 78.21 1.74 3.69 95.94 0.38
Tomaga 23.45 13.80 9.75 8.23 85.73 6.05 6.90 83.98 9.12 10.84 89.16 0.00
Towamba 177.00 76.28 100.99 8.01 89.81 2.18 10.15 87.45 2.40 5.93 92.12 1.96
Tuross 302.57 95.06 207.78 9.53 90.03 0.44 20.11 78.94 0.94 2.38 97.51 0.10
Tweed 426.80 136.64 290.75 6.99 91.10 1.91 7.48 88.78 3.74 6.56 93.10 0.34
Wonboyn 6.79 2.57 93.49 3.94
Average 8.64 88.88 2.48 12.39 83.78 3.83 6.79 92.04 1.17
Std. Deviation 5.30 5.61 1.87 4.92 4.94 2.53 2.97 3.17 0.90
Maximum 29.19 98.30 7.45 20.11 93.02 10.67 12.93 97.51 2.86
Minimum 0.67 70.30 0.03 5.14 76.17 0.65 2.38 84.21 0.00
Whole Catchment Trunk Channels TributariesLength (km)
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A3.2: Chart depicting proportions of NDVI change between the 1987-1991 averaged period and the 2009-2015 averaged period for the rivers of eastern 
NSW. Positive and negative change is said to have occurred when the NDVI has increased by more than 0.2 from the initial state 
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A3.3: Chart depicting proportions of NDVI change between the 1987-1991 averaged period and the 2009-2015 averaged period for the trunk channels of 
eastern NSW. Positive and negative change is said to have occurred when the NDVI has increased by more than 0.2 from the initial state
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A3.4: Chart depicting proportions of NDVI change between the 1987-1991 averaged period and the 2009-2015 averaged period for the tributaries of 
eastern NSW. Positive and negative change is said to have occurred when the NDVI has increased by more than 0.2
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A3.5: Summary table of assessed catchment areas and the proportion of significant positive NDVI 
change that occurred in each land use type in the 50m buffer. Positive change is said to have 
occurred when the NDVI has increased by more than 0.2 from the initial state
River Name Catchment and Buffer Area (km^2) River Channel Agriculture Conservation Vegetation Urban Heavy Industry Other
Bega 46.00 6.74 3.03 0.16 0.32 0.12 0.00 0.19
Bellinger 36.44 4.14 2.79 0.24 0.40 0.20 0.00 0.10
Bermagui 3.10 0.23 0.12 0.18 0.06 0.08 0.00 0.00
Brunswick 7.86 3.60 3.19 0.24 0.25 2.58 0.00 0.12
Camden Haven 14.54 4.13 6.48 0.24 0.47 0.20 0.00 0.14
Clarence 718.83 2.64 1.21 0.18 0.30 0.04 0.00 0.02
Clyde 30.10 5.68 0.70 0.36 0.75 0.20 0.00 0.04
Evans 3.68 9.25 0.62 1.86 4.53 0.14 0.00 0.24
Georges 37.63 2.54 0.01 0.15 0.50 2.90 0.00 0.75
Hastings 100.82 7.21 4.16 0.34 1.27 0.35 0.00 0.04
Hawkesbury 314.69 3.67 1.11 0.59 0.58 0.40 0.05 0.09
Hunter 484.45 5.02 1.42 0.02 0.08 0.10 0.14 0.04
Karuah 50.14 4.31 1.86 0.21 0.62 0.33 0.00 0.04
Macleay 233.96 5.21 0.83 0.22 0.57 0.04 0.01 0.02
Manning 216.45 5.39 3.78 0.02 0.50 0.15 0.00 0.07
Minnamurra 3.02 0.55 0.35 0.05 0.45 0.27 0.00 0.00
Moruya 34.56 9.60 1.21 1.14 0.94 0.18 0.00 0.06
Murrah 6.82 1.28 2.38 0.17 0.42 0.51 0.00 0.05
Myall 21.11 7.05 1.91 0.98 0.75 0.11 0.00 0.05
Nambucca 53.74 2.36 2.91 0.03 0.58 0.06 0.00 0.20
Pambula 2.71 11.42 8.84 0.13 8.62 0.02 0.00 0.32
Richmond 205.91 2.48 2.64 0.06 0.76 0.53 0.01 0.10
Shoalhaven 220.24 5.14 1.08 1.62 1.02 0.13 0.02 0.03
Tomaga 3.33 2.11 1.13 0.11 2.89 1.71 0.00 0.13
Towamba 22.55 3.48 2.16 0.92 1.32 0.14 0.01 0.02
Tuross 37.62 6.03 1.64 0.89 0.82 0.32 0.00 0.02
Tweed 61.66 3.21 1.67 0.10 0.58 1.14 0.01 0.27
Wonboyn 1.09 2.41 0.00 0.00 0.24 0.00 0.00 0.00
Average 4.53 2.12 0.40 1.09 0.46 0.01 0.11
Std. Deviation 2.69 1.95 0.49 1.73 0.74 0.03 0.15
Maximum 11.42 8.84 1.86 8.62 2.90 0.14 0.75
Minimum 0.23 0.00 0.00 0.06 0.00 0.00 0.00
Positive Change (%)
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A3.6: Summary table of assessed catchment areas and the proportion of insignificant NDVI change 
that occurred in each land use type in the 50m buffer. Change is said to have occurred when the 
NDVI has increased by more than 0.2 from the initial state. 
 
 
 
 
 
 
 
 
  
River Name Catchment and Buffer Area (km^2) River Channel Agriculture Conservation Vegetation Urban Heavy Industry Other
Bega 46.00 34.68 40.57 1.72 7.74 1.15 0.00 1.28
Bellinger 36.44 40.80 29.77 6.67 9.89 1.96 0.10 0.38
Bermagui 3.10 20.72 52.01 9.64 7.65 7.96 0.12 0.17
Brunswick 7.86 29.96 15.71 9.88 8.62 22.30 0.00 1.42
Camden Haven 14.54 35.98 43.39 1.59 3.77 1.41 0.00 0.93
Clarence 718.83 48.52 31.26 3.62 9.37 0.61 0.04 0.27
Clyde 30.10 42.91 19.54 8.11 12.42 5.28 0.00 0.19
Evans 3.68 38.62 1.91 9.33 21.83 2.16 0.02 1.89
Georges 37.63 32.29 0.32 11.76 8.37 18.75 0.06 20.71
Hastings 100.82 38.42 31.36 2.32 9.04 1.72 0.07 0.19
Hawkesbury 314.69 31.70 32.43 6.82 13.55 5.88 0.17 0.95
Hunter 484.45 40.20 44.84 0.45 1.70 1.30 1.40 0.69
Karuah 50.14 47.66 31.16 1.14 8.56 0.83 0.01 0.52
Macleay 233.96 38.06 35.54 4.98 12.10 0.65 0.09 0.27
Manning 216.45 40.94 40.01 0.52 5.10 1.08 0.05 0.46
Minnamurra 3.02 29.62 35.80 0.73 20.56 4.61 0.00 2.43
Moruya 34.56 29.87 24.69 6.83 22.15 2.26 0.01 0.55
Murrah 6.82 23.62 41.06 12.74 6.00 7.37 0.00 4.38
Myall 21.11 40.16 22.93 9.74 7.56 2.14 0.00 0.51
Nambucca 53.74 34.47 41.13 0.48 10.75 1.22 0.03 1.15
Pambula 2.71 19.99 31.86 3.81 12.63 1.57 0.00 0.28
Richmond 205.91 29.75 42.94 1.78 11.19 5.56 0.03 1.32
Shoalhaven 220.24 30.22 28.76 10.33 17.69 2.71 0.07 0.35
Tomaga 3.33 33.42 16.55 0.82 15.94 17.63 0.13 1.24
Towamba 22.55 30.50 24.56 12.13 21.53 0.27 0.00 0.80
Tuross 37.62 27.80 38.94 6.27 14.22 2.15 0.08 0.37
Tweed 61.66 38.76 31.43 0.91 5.95 11.45 0.02 2.58
Wonboyn 1.09 41.93 1.39 3.47 46.53 0.00 0.00 0.00
Average 34.70 29.71 5.31 12.59 4.71 0.09 1.65
Std. Deviation 7.22 13.28 4.15 8.63 5.92 0.26 3.85
Maximum 48.52 52.01 12.74 46.53 22.30 1.40 20.71
Minimum 19.99 0.32 0.45 1.70 0.00 0.00 0.00
No Change (%)
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A3.7: Summary table of assessed catchment areas and the proportion of significant negative NDVI 
change that occurred in each land use type in the 50m buffer. Negative change is said to have 
occurred when the NDVI has decreased by more than 0.2 from the initial state 
 
 
 
 
 
  
River Name Catchment and Buffer Area (km^2) River Channel Agriculture Conservation Vegetation Urban Heavy Industry Other
Bega 46.00 1.68 0.51 0.02 0.06 0.02 0.00 0.01
Bellinger 36.44 2.33 0.16 0.03 0.03 0.02 0.00 0.01
Bermagui 3.10 0.81 0.23 0.03 0.00 0.00 0.00 0.00
Brunswick 7.86 1.24 0.15 0.44 0.21 0.09 0.00 0.01
Camden Haven 14.54 1.19 0.02 0.04 0.03 0.00 0.00 0.00
Clarence 718.83 1.55 0.22 0.03 0.12 0.02 0.00 0.00
Clyde 30.10 2.85 0.05 0.42 0.48 0.03 0.00 0.00
Evans 3.68 5.81 0.00 0.96 0.24 0.02 0.00 0.58
Georges 37.63 0.74 0.00 0.00 0.01 0.10 0.04 0.00
Hastings 100.82 3.00 0.25 0.01 0.22 0.02 0.01 0.00
Hawkesbury 314.69 1.42 0.35 0.09 0.05 0.10 0.00 0.00
Hunter 484.45 1.28 1.17 0.01 0.02 0.04 0.08 0.01
Karuah 50.14 2.23 0.08 0.00 0.44 0.00 0.00 0.00
Macleay 233.96 1.12 0.23 0.01 0.05 0.00 0.01 0.00
Manning 216.45 1.81 0.08 0.00 0.02 0.01 0.00 0.03
Minnamurra 3.02 4.08 0.04 0.00 0.02 0.04 0.00 0.39
Moruya 34.56 0.47 0.03 0.01 0.00 0.01 0.00 0.00
Murrah 6.82 0.02 0.00 0.00 0.00 0.00 0.00 0.00
Myall 21.11 4.93 0.04 0.39 0.73 0.01 0.00 0.02
Nambucca 53.74 4.07 0.16 0.02 0.22 0.03 0.00 0.12
Pambula 2.71 0.02 0.40 0.00 0.08 0.00 0.00 0.00
Richmond 205.91 0.66 0.08 0.02 0.05 0.03 0.00 0.02
Shoalhaven 220.24 0.65 0.14 0.02 0.01 0.01 0.00 0.00
Tomaga 3.33 5.40 0.00 0.00 0.53 0.24 0.00 0.04
Towamba 22.55 0.73 0.88 0.15 0.37 0.02 0.00 0.02
Tuross 37.62 0.36 0.05 0.03 0.00 0.01 0.01 0.00
Tweed 61.66 1.64 0.16 0.02 0.05 0.06 0.00 0.02
Wonboyn 1.09 2.91 0.00 0.00 1.13 0.00 0.00 0.00
Average 1.96 0.19 0.10 0.18 0.03 0.01 0.05
Std. Deviation 1.61 0.27 0.21 0.27 0.05 0.02 0.13
Maximum 5.81 1.17 0.96 1.13 0.24 0.08 0.58
Minimum 0.02 0.00 0.00 0.00 0.00 0.00 0.00
Negative Change (%)
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A3.8 Summary table of proportions of coincident boundaries with positive, in-channel change areas. 
 
River Name Agriculture Conservation Vegetation Urban Heavy Industry Other
Bega 80.16 4.12 11.09 2.80 0.17 1.66
Bellinger 71.44 6.57 13.27 6.20 0.00 2.53
Bermagui 42.31 38.33 5.88 13.47 0.00 0.00
Brunswick 44.08 6.64 6.13 41.40 0.00 1.75
Camden Haven 80.79 4.51 8.99 4.33 0.00 1.38
Clarence 68.56 10.07 18.39 1.98 0.08 0.92
Clyde 30.87 21.01 37.34 9.77 0.00 1.01
Evans 11.08 12.95 70.28 1.76 0.00 3.94
Georges 0.23 2.32 9.46 74.50 0.00 13.50
Hastings 66.16 5.11 22.11 6.24 0.01 0.36
Hawkesbury 37.03 20.38 24.97 13.01 1.52 3.08
Hunter 78.83 0.97 5.56 4.85 7.86 1.93
Karuah 54.02 10.67 25.83 8.25 0.05 1.18
Macleay 49.79 13.80 32.62 2.43 0.14 1.22
Manning 83.26 0.38 11.66 3.33 0.07 1.30
Minnamurra 8.22 0.00 82.51 9.27 0.00 0.00
Moruya 32.75 32.51 29.52 4.39 0.00 0.82
Murrah 58.72 8.47 19.00 12.85 0.00 0.96
Myall 39.75 34.01 22.44 2.56 0.00 1.24
Nambucca 77.94 0.44 16.17 1.71 0.00 3.74
Pambula 48.74 0.59 50.39 0.23 0.00 0.05
Richmond 63.71 1.20 20.00 13.30 0.03 1.75
Shoalhaven 25.26 41.01 30.23 2.73 0.28 0.49
Tomaga 14.58 3.01 44.92 33.78 0.00 3.71
Towamba 49.38 19.23 28.08 2.97 0.12 0.23
Tuross 36.79 27.21 26.72 9.10 0.00 0.18
Tweed 44.16 2.85 16.57 30.32 0.29 5.82
Wonboyn 0.00 0.00 100.00 0.00 0.00 0.00
Average 46.38 11.73 28.22 11.34 0.38 1.96
Std. Deviation 25.02 12.62 23.08 16.04 1.49 2.67
Maximum 83.26 41.01 100.00 74.50 7.86 13.50
Minimum 0.00 0.00 5.56 0.00 0.00 0.00
Proportion of Coincident Boundaries (%)
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A3.9: Chart depicting the proportion of insignificant change in the study area split into the different 
land use types found in eastern NSW. Change is said to have occurred when the NDVI has increased 
by more than 0.2 between the two time periods. 
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